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to 2 mm (one-sigma) and 3 arcseconds.

Multipath was shown to be a significant effect only to the extent that re-
flecting structures might block the visibility of useful satellite signals. At
the present time, the limit on extending the technique to precisely measure
baselines exceeding 100 km is uncertainty in GPS satellite ephemerides. For
baselines of intermediate length, the measurement performance is limited by un-
certainties in tropospheric propagation delays.

The results of the experiments plus trends toward miniaturizing GPS equip-
ment complete the demonstration that short baselines can be measured to sub-
centimeter accuracy using highly portable equipment.
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In this report we summarize results from two experiments which

NAVSTAR GPS SATELLITE TRANSMISSION

were designed to demonstrate that
(1) Short baselines on earth can be measured in magnitude and
direction within one (1) centimeter or less of error, using
easily portable equipment, and that
(2) This accuracy can be achieved by interferometric processing
of the C/A-code signals currently broadcast by NAVSTAR GPS

satellites,

1. EXPERIMENT I: Wideband Signal Processing

Experiment I was designed to demonstrate the extraction of inter-

ferometric observables by wideband cross-correlation of the GPS signals
received at each end of a baseline. The experiment was developed when it
became apparent that availability of the GPS receivers required for Ex-
periment II would be delayed far beyond the original schedule,

Experiment I was planned to give the earliest possible credible

demonstration of baseline determination using GPS signals. This was
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achieved by exploiting resources already in place at the Westford, Massa-
chusetts site of the New England Radio Observatory Corporation (NEROC).

These facilities included the MARK III VLBI processor which was used to
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produce "real-time" data representing eight lagged correlation products

of the GPS receiving antenna outnuts after filtering to a 2 MHz bandwidth
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encompassing the GPS C/A signal at 1,574 Ghz,
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Other objectives of the experiment were to:

(1) Demonstrate the effectiveness of the "MITES" antenna design
(crossed-dipole mounted above a ground plane) which pro-
duces a nearly omnidirectional pattern from Zenith to with-
in 10° of the horizon,

(2) Demonstrate the effectiveness of a novel data-reduction al-
gorithm which approximates a "maximum likelihood" estimator
of the baseline vector components,

(3) Explore the sensitivity of baseline determinations to
oscillator instability and multipath to the extent that
these corrupt the raw data.,

The Steinbrecher Corporation fabricated the "MITES" antennas, RF
subsystems, and frequency converters to condition the received signals
for processing by the MARK III unit. Technical direction of Experiment I
was subcontracted to MIT with Professor Charles C, Counselman III being
the Principal Investigator, Program management was retained by Draper
Laboratory. The final report prepared by Professor Counselman is pro-
vided in Enclosure 1, Unpublished project memoranda are provided in En-
closure 2, In these memoranda Professor Counselman concludes that, "at
least when the satellite geometry is good, we can determine all three
components of a baseline vector that's about 100 meters long within about

5 millimeters, one sigma, by MITES/GPS."

2. EXPERIMENT II: Narrowband Signal Processing

The concept behind Experiment II is to use a GPS receiver to make
precise (albeit ambigquous) measurements of the instantaneous phase of
each GPS carrier signal in the narrow bandwidth of the carrier tracking
loop., Carrier phases from each end of a baseline being surveyed were
then ditferenced for each satellite in view to form the interferometric
observables, In a typical experiment the observables from four satel-
lites were collected every 1,92 s during a period of about one hour,
These samples were recorded on a computer disk and then processed on a
minicomputer (TI 990/12) to estimate the baseline, Approximately 30

minutes of data were required to consistently resolve the phase
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ambiquities that affected the baseline determination. The computer pro-
cessing for a complete baseline determination required approximately one
hour if every data point was used; experience showed that good results
were obtained within 15-20 minutes of processing time if only every 10th
sample was processed (19.2 s spacing),

The general nature of the results is that baseline measurements
were repeatable at the level of 1 mm (standard deviation) in the horizon-
tal components and 2 mm in the vertical component, The interferometric
estimates agreed with a conventional steel tape and theodolite survey to
within 3 millimeters on 8 of 9 components of three sample baselines and
to within 6 millimeters on the ninth component.

Details of Experiment II and the analysis of its results are re-
ported in the Symposium paper provided as Enclosure 3., The objectives of
Experiment II, which were achieved, were:

(1) To demonstrate the feasibility of sub-centimeter surveying
of short baselines using easily portable, and relatively
affordable observing equipment.

(2) To assess the limits of baseline measurement accuracy and
repeatability, and to identify the dominant error sources,
With respect to the first objective we demonstrated:

(a) The independent measurement of three legs of a tri-
angle with vector misclosure of (-2.2, -2.2, -0,3)
mm in the coordinate directions (North, East, Up).

(b) Repeatability of one baseline measurement over four
independent trials at the 1-sigma level of (0.76,
1.60, 2.40) mm in the (N, E, U) coordinates,

(c) The largest disagreement between any interferometri-
cally measured baseline component and the corre-
sponding component measured by a conventional survey
was 5,7 mm. Five of the nine baseline components
were measured with less than a 0.4 mm discrepancy.,
The nominal uncertainty of the conventional survey
was given as 2 mm (one-sigma).

Ef forts are currently underway under sponsorship of the Defense

Department Advanced Research Project Agency to miniaturize GPS receivers

3
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to approximately the size of a cigarette pack. It is easy to visualize

that by the late 1980s short-baseline survey equipment will consist of a

small portable antenna, an integrated RF/GPS recei.er assembly, a crystal
oscillator (with short-term stability exceeding one part in 10'2 over

100 sec), a digitizer/recorder or digitizer/modem unit, and power sup- ;
plies, The electronics would be packaged in a small suitcase. Carrier !
phase measurements from the four satellites at a rate of 3 samples per a
satellite per minute over one hour of observations should be adequate to -

achieve sub-centimeter accuracy. An inexpensive storage medium or commu-

nication link capable of handling a total of about 1000 16-bit words for
each baseline is all that is required to service data collection require-
ments,

With respect to the second objective, we observed that the post-

fit residual error for measurement of a null (zero-length) baseline was

0.96 mm, compared to 0.55 mm, which was predicted from the tracking loop
bandwidth and the estimated signal-to-source ratio. This is satisfactory

agreement given the uncertainty in the signal-to-noise ratio measurement.

®L

The post-fit residual error for baseline measurements using carri-

d

er phase observations was about 2 mm. Thus the residual was approximate-
ly twice that of the noise level of the observing system. The increase

is associated to a great extent with periodic variations which affect all

satellite observations in the same fashion. The period of these varia-
tions is about forty minutes (see Enclosure 3, Figure 7). The short-term

scatter around the periodic variation is comparable to the noise-only re-

C e e e st g
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siduals shown in Figure 5 of Enclosure 3)., We attribute the periodic

components to imperfect modeling of the differential expansion of the

.

cables connecting each antenna to the data collection system, but this
has not been conclusively established. If true, it would suggest that

field survey equipment should use the smallest possible length of cable

to connect the GPS antennas to the GPS receivers., At any rate, the 2 mm
residual is well within our projected expectation.

Other factors that once were thought to limit the performance in-
clude oscillator drift and multipath. However, the combination of high

quality quartz crystal oscillators and the use of a sequential GPS re-

ceiver which can sample the carrier phase to each satellite in view




Ll g i E S

]
¢
-

v

—— T T W YT T

Y

...... LM M AL A AN

et gy
¥
]

Lafth st s it amattan A el R L L

faster than once per second combine to make oscillator drift a negligible
problem. For example, if the Allen variance of the oscillator over !

second is

then the contribution of clock drift over 1 second to the differential
measurement of carrier phase is vZ x 10-!2f cycles rms, which is less
than 0.003 cycles (0.6 mm) at the GPS L1 frequency. At this level, clock
drift would be about five times less significant than thermal noise. If
one wished to economize by using a lower quality oscillator, then some of
the increased frequency jitter could be offset by faster cycling among
GPS satellites. For example, one commercially available GPS receiver cy-
cles among four satellites every 20 ms.

The primary effect of multipath will probably be blockage of sat-
ellite visibility, rather than distortion of signal phase measurements.
Enclosure 4 presents some calculatiocns based on an analysis by Counselman
which predict the carrier phase fluctuations attributable to a reflecting
surface mounted in the vicinity of a "MITES" antenna. The specific con-
figuration considered in that analysis was set up in an experiment to
check the theoretical predictions. The results (compare Figure 10 of En-
closure 4 with Enclosure 3) were qualitatively consistent for all satel-
lite observations and within 10% error for the satellite that suffered
the greatest multipath effects. We conclude that the effects of multi-
path will average out of any series of GPS carrier phase measurements
taken over a half hour or longer interval; moreover, any reflecting sur-
faces that are greater than 1000 feet from the antenna (one C/A-code
"chip") will produce multipath that is reduced below thermal noise level
by the GPS signal processing.* Therefore multipath should not be a sig-
nificant problem for well engineered observing systems with good siting
of the receiving antennas. Exceptions might occur if one had to measure
a baseline extending from a large structure, or in the vicinity of metal
towers,

*One could achieve immunity to closer sources of multipath by processing

GPS P-code signals, for which the "chip" width is equivalent to a 100
foot span. The costs of a P-code receiver would be higher than for a

C/A-code receiver.
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It appears that the fundamental limits of baseline measurement ac-
curacy will be thermal noise in the GPS receiver, ephemeris errors in
location of GPS satellites and excess propagation delay. If the uncer-
tainty in satellite location is Ap (meters), then the resuting uncertain-

ty A% in measuring a baseline whose length i¢ £ is approximately

Baseline measurement is most sensitive to "along track" errors in satel-
lite locations and less sensitive to radial errors. For current GPS
broadcast ephemerides that are no more than 1 day old, the "along track"
error (one-sigma) is about 20 meters; hence, AL/% = 10-6, Clearly, im-
provement in ephemeris modeling will be needed to preserve centimeter
level accuracy at distances in excess of about 10 km.

Propagation delays sufferred by GPS signals as they traverse the
ionosphere and troposphere en route from satellites to ground terminals
are highly correlated at antennas separated by short distances. Thus,
the effects of these delays are essentially cancelled by phase-difference
processing. As baseline lengths increase, the delays tend to decorre-
late. The impact of ionospheric errors may be made neqligible by dual-

f requency interferometry on GPS L; and L, frequencies.

Because uncertainties in modeling tropospheric propagation delays
vary from about 10 cm rms at 90° elevation to about 50 cm rms at 20° ele-
vation,* and because there can occasionally be large variations in pres-
sure, temperature, and humidity over short distances, tropospheric errors
could introduce 1-cm baseline-measurement errors with baselines as short
as 1 km. However, when weather conditions are quite uniform and dry at
both ends of the baseline (and along the propagation paths), and when
meteorological parameters are measured and incorporated in the propaga-
tion model, baseline-measurement errors presumably can be maintained to
less than 1 cm for baselines much longer than 1 km. Under good weather

conditions, the baseline-measurement errrors due to tropospheric effects

*Using measured values of the surface index of refraction.
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can be maintained within about 10 cm for arbitrarily long baselines,**

For long baselines, the 1 part-per million errors due to GPS ephemeris

uncertainties become dominant.

3. CONCLUSIONS:

The two experiments carried out under this program have demon-
strated the use of GPS signals for the measurement of short baselines
with accuracies of better than 1! cm rms. With the continued evalution of
electronic technology, the cost of interferometry equipment for such
measurements is expected to drop dramatically in the near future, so that
both of the described techniques will be seen to be economically attract-
ive as compared with alternative surveying techniques.

The second technique, utilizing GPS C/A-code receivers, offers the
advantage of providing absolute, as well as relative, positioning data.
Moreover, with the projected application of such receivers to automobiles
and other mass markets, the associated equipment costs are expected to

become particularly attractive.

**As indicated by typical VLBI results reported since 1978. For example,
see "Analysis of Lunar Laser Ranging Data and Performance and Analysis of
VLBI Observations for Geodetic Purposes," AFGL-TR-81-004, C.C. Counsel-
man I1II, et al., 27 November 1980,

A Lo

7S WY

AWRL -

B FEre

AR . 'L L . .

. -
SRR SUr S U5 WP o GUE U SPGHFSIIT NP ONSRE SR S SR



_"L‘ Py

L

ENCLOSURE 1

.
FINAL REPORT TO THE CHARLES STARK DRAPER LABORATORY
from the ;

Massachusetts Institute of Technology

(October 1981)

N Jo

. ST

]
-4
’
4
g " 4
3 .
b
:
-
-
[}
-
L
.
[}
’.
N =Y
r ;
1
£
{
. ®
3 |
b, N
- “m
- 9 :
) .
. L
[ T
« B
Rl
4 - . . <t
-, N " . - . )
| ST, - o Tae P e ST ¥ R N T AU WP A




(I o 4

T e d
A - W f
o e LA

Distribution:

FINAL REPORT

to the

CHARLES STARK DRAPER LABORATORY

from the

Subcontract DL-H-182631

Principal Investigator:

Charles C. Counselman III

October 31, 1981

L. Greenspan, CSDL, MS 92
A. Morse, MIT, E19-702

Raphael, MIT, 54-620

10

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Associate Professor of Planetary Science

'''''''''''

...........




Under this subcontract M.I.T. planned, performed, anc
analyced radio interferometric observations of NAVSTAR/GPS
satellites.

In & l5-page memorandum datedé June 11, 1980, to R. L.

Greenspan from C. C. Counselman III and S. A. Gourevitch, we

described the observational data that we expected to acavire, anc
- some aloorithms that we intended to use for analysis of these
}‘ data.
s In a2 second 15-page memorandum dated August 13, 1980, to
R. L. Greenspan from C. C. Counselman III and S. A. Gourevitch,
- we further described the data-analysis algorithms.

In &2 19-paae memorandum dated September 30, 1980, to R. L.
Greenspan from C. C. Counselman III and S. A. Gourevitch, we
!’ reported on & computer simulation of interferometric observations
in which multipath effects were included.

Actual observations of the GPS satellites were performed at

Haystack Observatory in December, 1980, and subseguently were
analvzed to determine interferometer haseline vectors. These

experiments and the initial analysis results were reported at the

1981 Spring meetinag of the American Geophysical Union by C. C.

r’

{ Counselman III. An abstract of this presentation, entitled
b
Ve . . )
v "Accuracy of baseline determinations by MITES assessed by
t . . . . .
PS comparison with tape, theodolite, and geodimeter measurements,"”
. was published in Eos (Trans. AGU), vol. 62, p. 2A0, on April 28,
o 1981,
-
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Another presentation was made by C. C. Counselman III tc the
198) IEEE International Geoscience and Remote Sensinag Svmposium,
and appears on pp. 219-224 of vol. 1 of the Symposium Digest.

Our data-analysis algorithm, multipath simulation results,
and & few actual experimental results were also published in &
journal article by C. C. Counselman III and S. A. Gourevitch,
entitled "Miniature interferometer terminals for earth surveying:
ambiguity and multipath with global positioning system,"”
appearing in IEEE Transactions on Geoscience and Remote Sensing,
vol. GE-19, pp. 244-252, October 1981.

The results of a comparison of our GPS radio interferometry
determinations of & triangle of baselines with an independent
determination by conventional survey methoés were given in detail
in a 9-page memorandum to R. L. Greenspan from C. C. Counselman
111 dated September 30, 1981.

Copies of all of the documents mentioned have already been
provided to Dr. R. L. Greenspan, who was the technical monitor of
this subcontract.

No inventions were made in work under this subcontract.
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ENCLOSURE 2

DATA PROCESSING ALGORITHMS FOR
EXPERIMENT I--WITH THE HAYSTACK MARK III
BACK END and CORRELATOR
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DEPAR;I'MENT OF EARTH AND PLANETARY SCIENCES

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, MASSACHUSETTS 02139

54-626
June 11, 1980

Memorandum
To: R. L. Greenspan
From: C. C. Counselman and S. A, Gourevitch

Subject: Data Processing Algorithms for Experiment I--
With the Haystack Mark III Back End and Correlator

l. Introduction

In this memorandum we describe the data that we expect
to acquire, and algorithms that we expect to use for the
analysis of this data, in the "Experiment I" described in

Section 4.1 of your DL Intralab Memo no. 94100-0lA. In this

'experiment, signals received from GPS satellites by antennas

in the Hayétack Observatory parking lot will be processed

by Haystack's Mark III ViBI correlator.

2. Block Diagram

Figure 1 shows a block diagram of some of the equipment
to be used in the experiment. The GP__S~L1 signals received by
one antenna, at nominal signal carrier frequency 1575.42 MHz,
with C/A and P code modulation, and with Doppler sﬁifts, will
bé converted in two stages of mixing to a "video" frequency
band, nominally 0-2 MHz, and sampled once per 0.25 usec to
vyield a series of samples Xy at uniformly-space times t;.
From §pother antenna in a similar way we obtain a series

of samplés y; at essentially the same times. Before being

14
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sampled, the signals afe'clipped so that only their signs
are preserved; that is, the sample values are *1 and can
be'represented by jﬁst one bit per sample.

A single video passband only 2 MHz wide can contain
most of éhe C/A modulation power but only.about 20% of the
P power. In order to caéture more--in. fact most--of the
P powef, we will use several 2-MHz-wide video channels in
parallel, each with a different second local oscillator
frequency. These frequencies will be spaced by integer
multiples of 2 MHz. To keep the present discussioﬁ simple,
however, we will pretend that there is only one channel, and
we will ignore the problem of how to combine the data from
different channels., (This is an old problem, with ? known
and straightforward solution.)

Not showrn in Figure 1 is the system with which the
sampled, time-tagged, one-bft data are formatted, recorded on
magnetic tape, and later reproduced for processing by the

Mark III correlator.

3. Mark III Correlator

The Mark III correlator computes eight values of the
crosscérrelation function between the two sampled signals,
for eight discrete values of delay offset between the sample
streamns, If computes, once every 2 seconds of time t, the

2-second averages

[

- l . = - - - ‘
rl(t) - Y\J-E.(iyi-i-l N 2: 4' 3' 2' e e +3

Q successive)

where N = 8x10° is the number of products X;¥;,o Summed; the
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i time séan of 2 seconds (= 8x10% x 0.25 usec) is centered on
Ei . the time t. For simplicity, we are deliberately suppressing 3
{ the book-keeping detaiis, as well as some calculus Fhat shows !
;i that, with sufficient accur&cy, rl(t) computed from one-bit :
‘i sampies is almost eguivalent to what you would get had you
- had an infinite numbeéhof bits. (The only significant lack
L; of equivalence is that, with one bit, the signal-to-noise ratio
:‘ _ is reduced by a factor of 2/,)
¢ . 4. Expected Form of r,
E Ignoring some of the-"maise™ effects, the expected func-
;@ tional form of r, is
K
r, = ':E: By » b(1, =28) + cos[w T, =¢;, -(mc-m;%)kéj;
=1 | (Eqn. 1)
where k is the index number of a satellite (several may be
.visible simultaneously) ; Ak is the ratio of the peak (at the

carrier frequencyf received power spectral density of the kth
- satellite signal to the background noise power spectral density;
A(x) is a (triangle) function equal to the autocorrelation

function of the C/A modulation (we ignore for now the P modu-

S PURIRINEORTT TR

lation):

1 -1,023 MHz * |x]|
0

or } , Whichever is greater;

etttk Sodesdedn’

(Eqn. 2)
y
Ty is the group delay difference between the kth satellite

.

signals at the x and y samplers; § is the inter-sample time ‘

interval, equal to 0.25 us; g is the transmitting carrier

- ) 16
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frequency, in radians per second, assumed the same for all
transm;tters; ¢LO is ﬁhe difference between the phases of the
two different receivers' local oscillators; “r 0 is the (radian
frequency of the local oscillators, assumed the same for both
receivers; the difference W, ~Wyq is equal to 21 x 10° radians
second. The time-variations of the various terms in Egn. 1l
have not been shown explicitly, but need to be kept in mind.
We discuss each term briefly.

The "amplitude" Ak will vary slowly due to the variation
of the receiving (and to a lesser extent, the transmitting)
antenna gain with elevation angle, coupled with the motion
of the satellite in the sky. The variation will be by less
than a factor of about 4 for elevation angles from 10° to

90°, For elevation angles above about 20°, our antenna has

at least unity gain and the received peak C/A power spectral

" density should be at least 10 22 watt/Hz. The noise power

spectral density with a 5 4b noise figure will be about
1.25x10" 2° watt/Hz.' Therefore, we can expect A = 8x10 *
for the C/aA modulation. For -the PAmodulation, which we are
temporarily ignoring, A, = 4x10 ‘.

The group delay Tx combines the f¥ee-space propagation
delay and delays within the receivers and cables. All ingread:
gﬁts of T, are differenced between the x and Y syétems. The
greatest contributor to Ty and to its time-derivative is
likely to be the free-space delay. The:magnitude of this
delay contribution will be of the order of the baseline lengtl
measuared in light-time; that is, for example, about 300 ns for
a 100—méter‘baseline. fhe delay rate, drk/dt, wil). Se of the

17
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order of the baseline length times the apparent satellite

Y Y XYY N
i

»

orbital angular velocity, about 1,4x10 * radian/second maxi-

mum. The peak delay rate for a 100-meter baseline is thus

L 2

about 4x10 !! sec/sec, and the corresponding "fringe rate",

™

mc;k' about 0.4 radian/second. The corresponding minimum :
fringe'rotation period is about 15 seconds, and the maximum | i
amount'of rotation during one 2-second integration is ~0.8

radian ® 47 degrees, which is just tolerable: the coherence

loss due to the rotation during the integration is about 33, i

R

The difference between the x and y receiver local-oscil-
lator phases (and any other instrumental contributions to
q the pbase delay in excess of the group delay Tk), represented é
by ¢LO' is expected to be a slowly varying function pf time,
changing by J.es.s than w, Ty does over any relevant time interval. All
of the instrumental phase dr?ft is, by definition, lumpéd

into the time=-variation of ¢£O' Thus, w , is a constant in

Egn. 1.

It is also permissible to regarad w, as a constant. The
actual satellite carrier freguencies are unlikely to deviate
from the nominal value of 1,575.42 MHz by more than 1 kHz.

The maximum magnitudes of T, and of 28 will be £ 1 usec.

k
Therefore the argument of the cosine function in Egn. 1 cannot

be in error by more than about 107' cycles of phase by virtue of

the error in the assumption of constant We equal to the nomi-

q

? nal value. ,

. Since the magnitude of T Will be limited by the base-

; line length, for example to about 500 ns for a 500-foot base-
line, the peak of the triarigle function A(tk-ié) will occur in
this example for ,%2|< 2. (Recall that & = 250 ns.) The

18
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half-width of the base of the triangle is approximately

1000 ns; therefore, even with an extreme . value of Tyer most
of the area of the triangle, corresponding to most of the
"weight"” of information in the It will be contained within

the~range'-4££5+3 for which r, is computed by the Mark III

L
correlator. If we should wish to use a baseline much
longer:than 500 feet, we would have two options for extend-
ing the range of 26, The first option is to increase §.
This can be done in factors of 2 (to a maximum 6§ = 4 us),
with a concomitant reduction of the bandwidth of a video
channel. The secénd, more attractive, option is to make
repeated passes of the tape-recorded data through the
correlator. On each pass, the rlvare computed for eight
values of 2; but a different set of eight values can be
obtained on different passes. (However, on each pass the
eight values must be successive integer values.)

The form of ry as function of £, for a single value
of k, for Tk equal to zero, and for two different values of

¢ equal to 0 and 7/2, is shown in Figure 2. With the

Lo’
summation over k and with a variety of values of Ty s
obviously the picture can become very messy. With a base-

line length under 500 feet, all the triangle functions overl
and with the various Tk's diffeying by "random" amounts, the
relative phases of the cosines are random. Extracting order

from this overlapping mess is the job of our data analysis

algorithm.

19




5. Noise
The extraction must be done in the presence of signifi-
cant amounts of background noise, which really is random.
Again considering that only one satellite- is present, to
simélify the discussion, we can show that the signal-to-
noise ratio at the expected peak of rl.(that is, with &8 = 1

k
and with mLo£6 = -¢Lo) is

SNR = 2 - N7 . A, (Eqn. 3)

AN

where the factor (2/n7) represents the one-bit clipping
loss, N is the number of correlated pairs of samples (equal
to 8x10°¢ for-a single 2-MHz video channel and a 2-second
integration time), and AB is the.ratio of the total\signal
power contained in the channel bandwidth to the noise power
in this band. For the C/A modulation and a 2-MHz bandwidth,
- Ay = 0.5 times the peak signal-to-noise power spectral
density ratio represented by Ak in Egn. (l1). Thus, the
expected single-satelliﬁe C/A SNR will be ~7 for the band-
width and integration time given above. (For the P signal,
the combination of the 20-times-lower peak power spectral
density and the 1l0-times-higher bandwidth reduces the SNR
by a.multiplicative factor of 207t . 105 ® 0.16, if the
number of video channels used is increased from 1 to 10
in order to capture the same fraction of the modulation
power. Iﬁ should be noted, however, that the best SNR is
obtained with less than 20 MHz bandwidth.for the P modulation,
and less than'2 Mz for the C/A.)

fﬁe'standard deviation of the error in the estimate of
the "fringe phasg" (wcTk -éLo), in radians, i% iust the

20
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reciprocal of the SNR, in the single-satellite, noise-
limited case.

The standa;d deviation . of the -error in the estimate
of the group delay, Tyr is approximately independent of the
video channel bandwidth or the number of channels combined,

as long as the combined bandwidth exceeds about 1l.6f

b'
where fb = 1,023 MHz for the C/A, and fb = 10.23 MHz for
the P modulation.. We find that

i
:F_-I—Z-H
UT 7 Ak fb T ’ (Egqn. 4)

where T is the integration time used. Thus, for the C/A

signal alone,

/!

7 (Eqn\ 5)

. o~ . meh
o, (C/A) 100 ns Tseéonds |
and for the P signal alone, j
= . -y '
cT(P) 62 ns Tseconds p (Ecn. 6)
where Tseconds is the integration time ln'seconds. Accord-

ing to these formulae, there is not a very great net
advantage to using the wider-bandwidth P code modulation, !

as opposed to the C/A. The advantage of the 10 times

wider bandwidth is largely canceled by the disadvantage of

the lower signal-to-noise ratio. 1n practice, one expects,

the wider~bandwidth approach would pay off because one

would not be trying to "split a chip” so finely. Therefore,

g
A
3
’

one would not be as susceptible to systematic errors such

13

E' as those due to multipath.
!

‘ 6. Separating Satellites

! From the preceding discussion it should be apparent

that the worse problem in the data analysis for the planned
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experiment is likely not to be background noise, but

(i sk pu ot MBI NN
L

rather will be interference between satellites, The

interference problem forces us to use a rather complicated

DAL S

algofithm in order to extract the best estimate of the
baseline vector, etc., from the rL-Qata. We are consid-

Fi ering two different, basic, approaches, which we now outline.

7. Traditional Approach

i

P

§ The traditional approach to the analysis of VLBI
correlation data (as described, for example, by A. R.

Whitney et al., A very-long-baseline interferometer system

< for geodetic applications, Radio Science, 11, 421-432, 1576)

F makes use of a Eriori information on the baseline vector,

. . . . \
the positions and motions of the sources, etc., in arder to

r—
)

I "counter-rotate" the "fringes" and to shift the y signal in
group delay relative to the x signal. 1If we have accurate

information on the baseline and the satellite ephemerides

A UM 2% e g

in our experiment, then in our data analysis we can make
the fringes "stand still" for any one satellite at a time,

That is, the contribution of one satellite to the sum over

k in Egn. 1 can be, in effect, held nearly constant while
the contributioné from the other satellites "rotate".
(Actually, since Eqn. 1 contains only the real-valued cosine

function and not the complex exponential usually seen,

ke

one might prefer to say that our fringes don't rotate,

they just travel along the ¢ axis in Figure 2, as the

i

fringe phase advances. We shall use the traditional jargon.)

If the. fringe rate difference between the satellite chosen to
stand still and another, potentially interfering, satellite

22
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is sufficiently high, the interfering fringes will wash
out, or average to zero, well enough over, K the integration
time,

This approach has two drawbacks in the context of
our experiment. First, it requires fairly accurate infor-
mation on the baseline vector; this information could be :
expensive to get, especially if we are going to move our
antennas many times. For the a priori information to be

useful in discriminating between satellites, its fractional

Y P

uncertainty must be small. The effective interference

attenuaticn factor is approximately egual to the fractional

(¢imensionless) uncertainty in the a priori prediction of

Y ] N

the fringe rate difference. Probably we would need\to
have the magnitude of the a priori uncertainty of our

baseline vector be less than a few percent of the baseline

NN, SR

length. Alseo, since the fringe rate difference between

two satellites would occasionally be zero or nearly zero,

there would be times when the two satellites' fringes were

37, O

é¢ifficult or impossible to distinguish within reasonable

integration times. (Some advantage could be taken of

group delay rescolution, since the group delay difference

RS . e

between two satellites will be relatively large when the

delay rate difference is small. However, this advantage

will be marginal when the group delay difference, which car g
never exceed <twice the baseline length in light-time, is 1
» K

lezs than the C/A code "chip" width, of about 1,000 ns.) 3
v

Finally, the requirement of substantial a priori inputs

might be consicdered philosophically awkward, in the sense 4

— s
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of "What good is your system if it needs to know the answer
in advance?"

The second drawback, an extension of the first, is
that, since the coherent integration time required_to
filtgr out the interference is inversely proportional to the
fringe rate difference, the time required is inversely

proportional to the baseline length and becomes unreasonably

large for baselines shorter than about 100 feet. With

100-foot length, the maximum possible fringe rate is about

0.02 Hz, and a substantial fraction of the time there will

- be two satellites with fringe rates differing by as little

as one-tenth the maximum, or 0,002 Hz, The beat period in
this case is 500 seconds; and an integration period several
times longer than this beat period will be regquired for
effective separation of the two satellites.

We conclude that we sﬁould take an approach

different from the traditional one.

8. C* Method

We suggest an approach based upon direct maximization
of the cross-correlation of the observed cross-correlations
r, (t) with a thebretical model. We dus this approach the
C' method. The idea is elementary. Using Egn. (1), a set
of theoretical values fz(t) may be calculated from any set
of assumed, trial values of the unknown parameters: the
three (constant)-components of the base%ine vector in an
Earth-fixed qoordinate system, and the (also assumed constant)

instrumental group delay. These four unknowns are fundamental,

~and enter Egn. (1) through Ty+ As a first approximation,

24
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the amplitudes Ak may be treated as constants, or at least
as knowns, calculated from the elevation angles and the

nominal antenna éain patterns. The quantities §, o and

c’
@, .are constants known with more than sufficient accuracy.
The phase ¢L0 is,unknown.but, because it is not a functién

of k, ;t may be suppressed by replacing the cosine function

in El(t) with the complex exponenﬁial, and then maximizing the
magnitude of the complex correlation between rz(t) and

fz(t). t is necegéary, in order to suppress ¢LO exactly,

that ¢. . be constant over the time interval of the "C*"

Lo

operation, To summarize, we shall compute

~ A -: A -

Tx = tk(B, 10, t), | k = 1+XK, (Egn. 7)
\ 2

where ?k is a function of the trial value, or "guess", B of
the baseline vector B, the trial value ?0 of the instrumental
group delay fb, and the known time, t. Then we compute the
complex correlation

c=c(B, 7)) =X2r£(t)§ (t)dt - (Eqn. 8)
0 T L

where the time span of the integration (really a sum over
discrete 2-second averages) can be guite long, perhaps the

duration of the entire satellite “pass,"™ and where

K
2, (8) =E§% B (£).+ AI%, (1) -268) + expliu )y -3 (u_—u, )L6],
(Egqn. 9)
in which j is
the square root of minus one. Finally, 'the desired estimates
of the baseline vector and t, are the values of % and ?o that

<. 2
maximize |C|"= C*C.

25
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With this algorithm, all of the difficulties of the
traditional algorithm Are hidden in the problem of £finding
the maximum of C*C. A priori information is no less useful;
it serves to limit the volume in 4-parameter space ‘that
needs to be searched to find the mﬁximum. We believe that
we can make the‘searcﬁ sufficiently efficient, computationally,
that this approach will be feasible, We hope to present our

ideas, and some test computation results, soon.

26
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August 12, 1980

l MEMORANDUM
TO: R. L. Greenspan
FROM: C. C. Counselman III and S. A. Gourevitch
! SUBJECT: Data Processing Algorithms for Experiment I, Con-

tinued

} REFERENCE: Memorandum from us to you dated 6/11/80, "Data
Processing Algorithms for Experiment I ..."

I. Introduction

When we left our hero, he was estimating the unknown base-
line vector, B, by analysis of the data produced by the Mark III

processor. These data consisted of a time series of sets of

—ad AJ!‘—M

eight samples of the real-valued crosscorrelation function,

[
e

rz(ti); here, the subscript ¢ (= -4, -3, ..., +3) is an integer

..’ .

representing the number of discrete, 250-nanosecond "lags" by

which the signal from the "x" antenna is delayed in the proces- .

PO S,

sor, relative to the signal from the "y" antenna; and t. is the ®
F g b4 i

i-th in the series of times, uniformly spaced with At = -t

ti-1 i
= 2 seconds, at which the processor puts out data. We had de-

T

rived theoretically the expected form, ?z(ti)' of the correla-
tions as a function of a trial value, §, of the baseline vector,

and a trial value, ?0, of the instrumental group delay. The

.

, algorithm proposed for estimation of B was to maximize the mag- L

- -

nitude of the correlation, C, between the observed correlations,

rl, and the theoretical correlations, ?z‘ (Note that, whereas

, the observed values, r are real-valued, the theoretical values, ’

‘ 8’

29
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El, are complex; thus C is complex.) The magnitude |C| is a
function of four variables: %, ¢, 2, and ?o’ of which the first
three are the Cartesian components of E, and the fourth, ?o' is a
"nuisance" parameter. Fortunately, |C| is a relatively weak
function of ?o; thus, the essential computational problem is to
find the maximum of a function of only (!) three variables, %, ¥,
and 2.

The purpose of the present memorandum is to document our
further investigation of this algorithm for baseline estimation.

For simplicity, the description will be chronological.

I1. Ambiguity Mapping

In general, |[C| does not have a unique maximum. In addition
to the principal, or global maximum (the highest) which, hope-
fully, corresponds to the desired estimate of B, there are many
secondary, local maxima (with lesser values) that correspond to
possible spurious estimates. We refer to all the maxima as
"ambiqguities,” and to the process of identifying the principal
maximum as "resolving the ambiguity" in the estimate of the
baseline vector. We call |C| the “ambiguity function;" a map of
|C| as a function of B is called an "ambiguity map.”

To be confident of finding the principal maximum, and cor-
rectly resolving the ambiguity, one must search a volume of B
space that encompasses the position of this maximum -- the de-
sired estimate of B. This volume must also be sampled at "grigd"
points spaced finely enough to ensure that the desired estimate

is not overlooked. Finally, one must ensure by the design of the

30
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experiment that even in the presence of noise and other errors,
random and systematic, the height of the maximum associated with
the desired estimate will exceed that of the highest other max-
imum in the volume searched.

In our experiment, additive white noise is unlikely to be as
important as systematic errors due to multipath interference and
local-oscillator phase drifts. We will discuss these error
sources in some detail later. For the moment, we merely observe
that in practice we will probably need to search a wvolume of the
order of a few cubic meters, set by the uncertainty of available
a priori information on the baseline vector; and the grid spacing
will be between about 10 and 30 centimeters. The appropriate
grid spacing is set by the L1 wavelength, 19 centimeters, which
determines the characteristic width of the maxima of the ambigu-
ity function.

How easy it will be to distinguish the correct ambiguity in
practice will depend not only upon the magnitudes of the errors
present, but also upon the schedule of observations. The length
of time spanned by the observations is particularly critical.
How long is enough? To attempt to answer this question in ad-
vance of the performance of actual experiments, we have begun to
simulate experiemnts in the computer. Figure 1 shows a map of
|Cl for computer-simulated VLBI observations of the existing six
GPS satellites with a pair of MITES antennas separated by 30
meters along a horizontal, East-West line, located near 72°W.

longitude, 41°N., latitude. The time span of the observations was
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1l hour. This map is of a particular vertical plane that contains
the true value of the baseline vector at the origin. No signi-
ficant amount of additive noise, oscillator phase drift, multi-
path interference, or other egror corrupted the simulated obser-
vations, which were of only the L1 (1575.42 MHz) signals. Figure
2 is like Figure 1, except the period of observation is two hours
instead of one. The normalized heights of the secondary maxima
are significantly reduced by the doubling of the period of obser-
vation.

III. Broken Coherence

In the simulations that yielded the ambiguity maps shown in
Figures 1 and 2, it was assumed that the local oscillator phase,
although unknown, was constant. We have also simulated one- and
two-hour experiments in which we assumed the oscillator phase had
one constant unknown value for 800 seconds, another statistically
independent constant unknown value for the next 800 seconds,
another independent value for the next, and so on. Operation-
ally, this meant that we summed the complex correlation, C, sepa-
rately for each 800-second sub-interval of observations. The
magnitudes of the complex sub-sums were then summed together to
yield the value plotted in the ambiguity map. Thus, the coher-
ence of the summation was broken every 800 seconds. Such a
procedure would be used to process the observations from a real
experiment if it were believed that the oscillators remained
"coherent" -~ that is, their phases remained constant within

approximately 1 radian -- for about 800 seconds, but that they
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could not be relied upon to remain coherent for a longer time.
(Note that a phase drift rate of 1 radian per 800 seconds at
1575.42 MHz corresponds to a fractional offset in frequency of
about 1.26x10-13.) The effect of this "broken coherence® in the
summation is illustrated in Figures 3 and 4 for the l-hour and
the 2-hour experiments, respectively. Mainly, the general level
of background clutter seems to have been raised, and now there
are many secondary peaks with heights about two-thirds of the
principal-maximum height. It should also be noted that the ratio
of the principal-maximum height to the peak background height is
not much greater for the 2-hour experiment than for the l-hour
one.

Finally, in Figure 5 we again display the ambiguity function
for the 2-hour experiment in which the coherence of the summation
was broken every 800 seconds, but in this map the scale has been
reduced (the grid spacing has been increased) by a factor of 3,
relative to Figure 4. Our purposes in showing this reduced-scale
map are two: first, to demonstrate that no important maxima were
lurking just offstage in Figure 4; and second, to indicate the
feasibility of using a two-step, coarse and fine., search pro-
cedure to locate the global maximum in a very large volume. A
volume of, say, 200 cubic meters might be searched with a coarse
grid of 30-centimeter (perhaps even larger) spacing in order to
define one or more smaller regions of volume «1 cubic meter, in
which the ambiguity function had significantly higher-than-

average value. These smaller regions might then be examined with
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l10-centimeter grid spacing in order to isolate the global maxi-
mum. The final "peaking up" on this maximum would be done by a
standard function-maximizing routine. We have used the routine
STEPIT (copyright 1965 by J. P. Chandler, Physics Department,

Indiana University, Bloomington) with satisfactory results for

these simulated experiments.

IV. <Change of Observable: Complex Cross-Power

A problem with ambiguity mapping, for either a simulated or

C
3 a real experiment, is that it can consume a large amount of
computer time. For example, consider that one cubic meter con-

tains lO3 points of a l0-centimeter grid; to compute the corre-

gl g

lation C for one grid point requires a summation over a long
. . . 3 . . .
time~series of observations -- perhaps 10~ points in time; and

for each point in time, the product rl? must be summed over

2

T~

.. 5 VI

several values of 1. Fach of the several million spectral den-

v
'

sity function evaluations thus indicated may, in turn, involve a

P
- A

v

fairly large number of elementary arithmetic and logical opera-

-y N

tions. There is, therefore, some incentive to improve the effi-

ISR =\ LSRN
)

ciency of the algorithm. One improvement that we have investi-

—

gated and recommend adopting is to pre-process the raw correla

" :
[~ tion data, the set of eight or more rl's, at each point in time, )
{' in order to obtain a single complex number that embodies most of ;
g the Information that the full set of ri's contained. This com- ‘
4 ’ -
{ plex datum, which we dencte by the symbol S, is the cross-power

: spectral density function evaluated at the GPS carrier frequency;

;‘ it is ~omputed “rom the r.'s by the Fecurier transform relation '
.

g '
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S =51: r,*exp(jan/2), (Egqn. 1)

where j is the square root of minus one. Thus, we compress eight
or more real-valued data into one complex datum at each point in
time. This reduction of the quantity of data yields some saving
in computer time. However, an even greater saving results from
the fact that the theoretical value of S can be computed more
easily than the ?2 can be.

Theoretically, § is related to the k-th satellite's received
power A and interferometric phase delay t,, and to the local-

oscillator phase difference brov by:

S = (1/2) % A, cexp(iu 1, ~36 ) ’>;. 8 (1, -28)
+ (1/2) %Ak-exp(.jwcrk»rjq,w)-z; (-1)"-A(rk-u) (Eqn. 2)

[For comparison, refer to Egn. (1) of the 6/11/80 memo; note that
(0-wpg)ed = m/2.] Here, A(x) is the triangle function defined
in Equation (2) of the 6/11/80 memorandum. From Equation (2)
above, it may not be obvious that the theoretical value of the
new observable, S, is any easier to compute than that of the old
observable, r, - However, a good approximation to Egquation (2)

above is given by the simple relation
<1

S = 22% Ak-exp(jwcxk—joLo). (Egn. 3)
That is,
%’lA(Tk—u) = 4 (Eqn. 4)
and
2; (-1)*ea(r, -16) = 0 (EQn. 5)
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for all k. These approximations are good as long as the range of

i values of 2 over which the sums extend includes all significantly

PN 37

nonzero values of the triangle function, A(rk-zé). The accur-

acies of these approximations are discussed in detail in Appendix

A,

. J%

The baseline-estimation algorithm set forth in the 6/11/80

memorandum is now recast as follows.

y .L‘;- S

l. First, condense the set of observed values rz(ti) at

each point in time t; to a single complex number S(ti).

2. Compute the complex correlation C between the "observed"

function of time S(ti), and a trial, theoretical, function ?Kti) é

by ]
8 = XA cexpliu ty); (Eqn. 6) ‘
C = %S(ti)é*(ti). (Eqn. 7)

The summation over i extends over the entire time span of the

observations if the local oscillator phase is assumed to remain

ORY . JLARTUARI. | S

constant for the entire span. Otherwise, C may be sub-summed

over sub-spans as described in Section III.

3. Take the magnitude of C, or the sum of the magnitudes of

the complex sub-sums, and find the baseline vector that maximizes

this magnitude.

!

! This recast algorithm is faster than the one originally -
' proposed by a factor of about 4. The improvement in speed comes

: partly from the elimination of any summation over % in Equation q

39 :
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(7), and partly from the elimination of the triangle function in
] Equation (6). To obtain the improved speed, we have committed a
L conscious error by substituting the simpler form (3) (which leads
to (6)] for the more exact form (2).
What is the effect of this error on the ambiguity map, and
on the estimate of the baseline vector? For the simulated exper-
iments described in Section II, we have re-computed the ambiguity

function -~ the magnitude of C -- using Equation (7). 1In these

experiments the range of values of & for which the r, were ob- 4
tained was ¢ = -4 to +3, We find that the largest magnitude of
the difference between the ambiquity function computed "exactly,"

according to the 6/11/80 memorandum, and that computed according

to Equation (7) above, is about 3% of the principal maximum
value. The position of the principal maximum is not changed by
more than a few millimeters, which is the level of uncertainty
due to our use of single-precision arithmetic in the computa-
tions. We conclude that the use of the faster algorithm does not

significantly increase the probability of mistaking a secondary

for the principal maximum, or degrade the accuracy of the base-
line estimate given by the position of the principal maximum. If
the slight loss of position accuracy should be deemed important,

one could always refine the baseline estimate by reversion to the

original algorithm, after having obtained a preliminary estimate

e AP s AL e a Al

by means of the faster algorithm. Note also (see Appendix A)

..
*
.
.
b
3

that the accuracy of the faster algorithm would have been better,

had the r, data been available for a wider range of t.

L

A trbd A S A
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e

The triangle function,

A(X)

or
0

ot

A(X),

( 1 - 1.023 MHz+|x|

is defined by

)
C

_X

—

, whichever is greater.

This function approximates the autocorrelation function of the C/A
~ . . . . +
‘a modulation of the GPS signal. For convenience, we also define ¢
2 and ¢ by
! *max
L- ‘“‘
£t = Z A(t-15),
k)
! Y= nin
-
<
4 and
{  max
i" T = 2 (-1)Yea(r-28), |
b = .
Y=tmin '
3 !
¥ where 6§ = 250 nanoseconds. In the text it is claimed that AR
and ¢ = 0 as long as 4(t-26) = 0 for 2<£min and for 1>£max’ The

of Fiqures A.l and A.2. If the

. . o +
is satisfied, then g =
vanishes exactly, then there is
has any constant nonzero value.

and 4 is of no significance.

—r .

3.91 and

accuracies of these two approximations may be judged by inspection

stated condition on the range of 2

0 (exactly). As long as
no loss of geodetic accuracy if et

Thus, the difference between 3.91

41




. :TFOSSrBLE—ng—OF— R
-':F*"Fofz "30-METER BASELINE
l\ L X U00 s S L

42




" - N
1 . ; -
— -_;:_." '-;‘t—.# _ —]
- : - [
A | ‘.‘!

PSS S SR SR U R
. : 9
' ! <

IR S
—> T= (ramoseconds)

+£7;‘ ;;) 5 / L —/asas

FR T W i “‘"W;’:@W‘ﬁﬁrf ]

favtn s 37 )

L em SR

M_mm_“mh - _7‘Aax." + 7

._ s —a'é J .
- i |
] j
I L |
S P s s e e B
3 . !
) —_ —— e T R 3 N
[ _ - o X
. |
¢ T T T T
| | 3
- - R

1 e e o & e e e [ - e e e e e e et e e —— e m e

! 42 ]




DEPARTMENT OF EARTH AND PLANETARY SCIENCES

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, MASSACHUSETTS 02139

54-626

September 30, 1980
MEMORANDUM
To: R. L. Greenspan
FROM: C. C. Counselman I1I1 2né S. A. Gourevitch
SUBJECT: Simulation of Multipath in MITES Experiments
REFERENCE: Counselman and Shapiro, "Miniature Interferometer

Terminals for Earth Surveying,"” Bulletin Geodesique, 53, pp.
139-163 (1979). :

I. Introduction

The geodetic interferometry experiments that we are planning
to do with antennas of the MITES design (crossed horizontal
dipoles, fed in phase gquadrature, located 3A/8 above and oriented
parallel to a metallic "ground" plane) will have results affected
to some deqgree by interference from signals reflected from nearby
surfaces such as those of the earth, building walls, and fences.
We are attempting to predict the effects of this interference by
using the computer to simulate observations with various
geometries, time spans, etc. The mathematical formulas

underlying our computer code are derived in this memorandum.
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II. Vector, Matrix, and Operator Notation

We use the following notation:

Scalar quantities are denoted by either lower- or upper-case
symbols, fof example p or E.

A vector, which has a magnitude and a direction, is denoted
by a2 lower- or an upper-case symbol with an arrow above it, for
example E or E. The magnitude of any vector is represented by

the same symbol without the arrow. The unit vector in the same

direction is represented by the same symbol with a "hat" instead
of an arrow. Thus, 5 = pp. Two other symbols for a vector, <§]
and [§>, will be introduced below in order to facilitate the
writing of outer or tensor products. In this memorandum just one
coordinate system is used for the expression of vectors in
component form, and it is sufficient for us to define <§] simply
as the row, and [E> as the column, matrix of the components of
the vector p. A fuller explanation of the meanings of these
symbels is given in the Appendix.

Scalars and vectors may be complex. The complex conjugate
is formed by "starring". For example, E* is the conjugate of E.

A right-handed Cartesian coordinate system will be used

whose x and y axes are parallel to the crossed dipoles of a MITES
antenna; the positive 2z axis extends upward. Unit vectors along
the positive axis directions are X,¢, and 2.

The 3x1 columh matrix of the x, y, and 2z coordinate

components {each a scalar) of a vector V is denoted by (V>. That

is,

<
Y
i
——
<y <
Lel b3
md

<+
L]
a
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4
The 1x3 row matrix of the Cartesian components of V is
-
denoted by <v).
. - > -+ I
‘ The "inner", or scalar product u'v of two vectors u and v is
therefore given by the matrix product
-+ - > -
u*v = <cul[w
E which is also written as <ulv>.

The "outer", or tensor product of U and V is represented by
[u><v].

The parallel projection operator Pu is a square matrix

oy e

. -
defined for any nonzero vector u by

P, = (a><a]. .
f. Pre-multiplication by Pu of the column matrix [C> yields the
;i column matrix of the components of a new vector which is parallel
- to u and whose mag..1tude is equal to the magnitude of the
i projection of vV along 4. Thus, P, "projects" a vector along u.

It is obvious from this description, and may easily be shown by

direct multiplication (since <4jG> = 1), theaet PUPU = PG = Pu'

That is, the parallel projection of the parallel projection is
the same as the parallel projection.

The perpendicular projection operator Qu is defined by

Qu = I - Pu '
where I is the 3x3 identity matrix. We call this operator @&
perpendicular projection operator because it subtracts away the
4 parallel projection of the vector upon which it operates, leaving !

that part of the vector which is perpendicular to U. Note that

r —-— 2 P
| 0,0, = O} = Q-

¢ The reflection operator Ry is defined by

u

b
3
R, =1 - ZPU.
46
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For simplicity in the algebraic manipulations that follow, we
assume that po = 1. Note, however, that with Py = 1, the
magnitude of the complex "length" of the vector ﬁ is not equal to

z unity. The square of the magnitude, given by <E*IE>, equals 2.

IV. Effect of Reflecting Plane

We specify the location and the orientation of a reflecting
plane by a "mirror" vector m which is just the position vector,
with respect to the origin of coordinates, of the point in the

plane that is nearest the origin. Thus, the mirror vector is

perpendicular to the plane and points toward it. In terms of b

this vector it is easy to compute the electric field vector Er of 'J

. o

a reflected wave in terms of the field Es of an incident wave. We "

know that: ’ A

1. The reflected wave vector ir is related to the incident ]

@

wave vector ii through the reflection operation: 2

> - .~.‘

|kr> = Rm lki> G

and B

Lo

k k> = Ry k>, 8
N -
F The reflected wave that arrives at a far-distant position :
E T traveling in the direction of ? was originally radiated s

- o

I in the direction of the unit vector ki whose components q

i are given by le?>. (Here we assume r>>»m, and ignore ‘ﬁ

parallax.) Therefcre in Equation III-1, ;

; O = I-P, = I-Ik><k] =T = R [E><EIR . .

J Since R% = I, we may write ' .

3 .

1 O = RnQ¢FRn- °
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2. At the reflecting plane the incident and the reflectec

fields are related through a boundary condition. For
simplicity in this memorandum we assume that reflecting
planes are perfectly conducting so that the sum of the
in-plane components of the electric fields (direct plus
reflected) is zero. Thus, the field is reflected with a
reversal of the sign of the in-plane component and no
change of the normal component. At thé plane, therefore,
we have
IE > = -R_IE;>.
Combining this result with the result for Q. derived in
paragraph 1 above, we obtain

l§r> = =R * (scalar factors)-* RmQrle§>

= - (scalar factors)-QrRm|E>,

where the "scalar factors" depend only on the path
length.
The lengﬁh of the reflected ray path exceeds that of the
direct ray path by 2;1-5 = —2&{-%. (Again, we are
ignoring parallax.) This addition to the path length meay
be ignored in the r™) factor because r>>m, but must be
incorporated in the complex exponential phase factor
because generally m is not negligible compared to the
wavelength. The added path length is accounted for by
substituting (;-25) for ; in the argument of the complex

exponential.

Now combining the results ¢f paragraphs 1, 2, and 3, we have

B> = -k“rTh expricki(F-2R)>) QR _ID>
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in which k = k. Thus, the expression for the reflected field at
a distance r>>m is the same as the original expression derived in
Section III but with two changes:

1. The dipole moment IE) is replaced with its negative
reflection, -Rm]§>.

2. The vector r representing the position of the
observer with respect to the antenna at the origin is
replaced by (;—25), which is the observer's position
with respect to the image of the antenna in the

reflecting plane.

V. Effect of Horizontal "Ground" Plane

In this Section we apply the result derived in Section IV to
compute the effect of the MITES antenna's “ground"” plane, which

is described by the mirror vector

where g = 3)/8. At a distance r>>g from the origin, the electric
field of the wave reflected by the ground plane is
IE > = ~kZrYexp(ick] (r-23)>) o, Ry P>, (Egn. V-1)
where k = kF.
But because for the MITES antenna } is perpendicular to 5,
R IP> = 1p>.
Thus, in this special case (only!), the operator RQ may be

deleted from Eguation (V-1). With this deletion the expression

49
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_? for the reflected field becomes very similar to the one for the
:. direct field, and the two are easily combined to obtaein the toteél
_‘ field, E g ,:
lEtot> = k2r-lexp(i<ﬁl?>)(l-exp(-2i<§|§>)oki5>.
This expression, in turn, is simplified by moving the oricin of
ii coordinates to the point in the grounc¢ plane directly below the
- center of the crossed dipoles -- that is, to the point witn "oligd"
&: cocrdinates I§>. In "new" coordinates, the totel flelcC racdiated
’:! by a MITES antenna 1is
i§a> = kzr_lexp(i<ii;>)(exp(i(llé))-exp(—i(il§>))Qk|§>
= 21k2r'lexp(i<il?>)sin(<§|<§>)ok|{>>, (Eqn. V-1) 4
i‘ where again we have neglected the change in the r~1 factor. i
.
-
;: VI. Sianal Received from a Transmitter
1

The complex amplitude of the signal received by an antenna

AT L

at a distant position T is proportional to the inner or "dot"

product of the complex conjugate of the receiving antenna's

effective electric dipole moment vector with the radiated %
;i electric field vector evaluated at r. Denoting the receiving 1
ii antenna's electric dipole moment by §, we have 5
E. A= <GRIED (Egn. VI-1) i
&; where A is proportional to the received signal amplitude. By T
? "effective" dipole moment here we mean the dipole moment of an -
f‘ infinitesimal antenna having the same polarization as the actual !
E antenna, multiplied by the "gain" of the actual antenna. The
. gain factor can account, for example, for the effect of
%. incorporating a reflector or meltiple array elements into one !
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"antenna" structure. By "signal" here we mean the current or the
voltage delivered to & load. The constant of proportionality
between A and the received signal amplitude contains not only the
antenna gain factor but also various impedances, etc. Assuming
that it is constant, we are not concerned with it and will not
discuss it further.

The MITES antennas will be used toc receive signals
transmitted by the GPS satellites, not to radiéte signals for the
satellites to receive. But for expository purposes in this
memorandum we have been calculating the field racdiated by a MITES
antenna as if it were transmitting. We contipue in this vein,
and now calculate the amplitude of the signal that a GPS
satellite antenna would receive from a MITES antenna. By
reciprocity, we know that the result for the received amplitude
will be the same as we would obtain if we treated the GPS antenna
as the radiator and the MITES antenna as the receiver.

A GPS satellite antenna has circular polarization with a
perpendicular to ¥ and k. (GPS satellites are always oriented so
that their antennas face earthward.) Thus, § can be expressed as
a simple rotation of E:

19> = DIpP> , (Egn. VI-2)

where D is a matrix rotation operator that depends on the azimuth

¢ and the zenith angle 6 of the satellite relative to the MITES
antenna. The matrivy D cen be written as the product of two
matrices D¢ anc De’ the first being & function of the azimuth
alcne, and the second a function of only the zenith angle:

D =DD, .

¢ 6
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Here,
cos#8 0 siné
De = 0 1 0
-siné 0 coséb

represents a rotation, about the y axis, of the z axis toward the

x axis, and

COS¢ -sing 0
D¢ = sing CoS¢ 0
0 0 1

represents a rotation about the (original) z axis, of the x axis

toward the y axis. Thus,

cosfcosé ~sin¢ sinfcosé¢
D = cosfsing¢ cosd sinesing
-siné 0 cosé .

(Note ‘that we are not accounting for a possible third rotation,
about an axis parallel to the wave-propagation direction t. 1In
other words, we ére ignoring the "third" Euler angle, w. Such a
rotation would only change the phase of A, by the same angle as
the rotation, by virtue of the circularity of the polarization of
the GPS antenna. That is, D = eiw.)

v
From the definition of D it follows that

k> = D |2>

and -1
L Qk = DQ_D . (Egn. VI-3)
- 2z
'l
Ef Combining Equations (V-1), (VI-1), (VI-2), and (VI-3), and
b -
4 omitting the constant factor (Zikzr l), we obtain
q - - - - - $
o A = <pr1Q,D7 P> sin(k-g)elkr
t'.. - - -+ - i
- = <p*ID Y ip> sin(k-g)e’®t
- = <pIDIP*> sin(k-g)el*r . (EQn. VI-4)
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By direct substitution and multiplication we find
<pIDIP*> = e*® (1 + coss). (Egn. VI-5)

» The received power is proportional to

A*A = (l1+cos8)? sin2(<§|§>)
= (l+cose)2 sinz((3n/4)cose). (Egn. VI-6)
Thus -- except for a constant factor -- we have derived the

directive power gain of the MITES antenna as a function of zenith

S angle, for circular polarization. The power géin, as expected,
E. varies with zenith angle but is independent of azimuth. Equation
(VI-5) shows, however, that the received signal phase varies with !
azimuth -- in fact, is just equal to the azimuth -- wherees it is
independent of zenith angle.
The constant factor by which the right side of (VI-6) must i

be multiplied in order to obtain the power ‘gain of the MITES

Pt e e
' -

antenna with respect to the standard (fictitious), isotropic,
circularly polarized, reference antenna is determined by the
condition that the integral of the gain over the visible

hemisphere (0<6<n/2; Oi¢<2ﬂ; note that the gain is zero for the

other hemisphere, ©/2<0<mn) equals 4n. We find that the numerical

value of the factor is about 1.23. However, for engineering ;
purpbses, and especially considering that we have neglected the

1
effects of dissipation, the finite sizes of the dipole elements i

and the ground plane, etc., the value of the factor is

approximated well enough by unity. The function of & that j
appears on the right side of (V1-6) will be denoted by G(8&): g
_ G(e) = (l+cose)2 sinz((Bn/4)cose), (Egn. VI-7)
; and we will refer to G(e) simply as the "antenna gain."” Values

of this function are given in Table 1.
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Table 1. Directive Power Gain (ref. isotropic, circ. pol.) of

MITES Antenna vs. Zenith & Elevation Angles, from Equation

(VI-7) . 1
. i
-3 Zenith Elevation Gain, G 10 loglOG
g! Angle, s Angle (dimension-
(deg) (deg) less) (dbic)
0 : 90 2.00 +3.01
L 10 80 , 2.11 3.24
® i
L 20 70 2.41 3.82 |
30 60 2.77 4.42
jﬂ 40 50 2.95 4.70
_ 50 40 2.69 ¢.30
60 30 1.92 +2.83
70 20 0.94 -0.28
80 10 0.22 -6.62
90 0 0.00 -

}

;

‘.. A'.
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VII. Interferometric Cross-Power Observable

The interferometric, complex, cross-power observable S that
was defined in our August 12, 1980, memorandum (revised August
13, 1980) for a single GPS satellite, except for constant
factors, is given by

S = B*A
where A, given by Equation (VI-4), is the complex amplitude of
the signal received from the MITES antenna locéted at the origin
of coordinates, and B is the complex amplitude of the signal
received from an identical MITES antenna located at the position
b. (We continue to use the "new" definition of the origin of
coordinates that we introduced in Section V: the point in the
ground plane directly below the center of the crossed dipoles of
the MITES antenna.) To obtain an expression for the complex
amplitude B we simply take the expression (VI-4) for A and

substitute r-b for t in the argument of the complex exponential

phase factor elkr = exp(i<§|?>). We ignore the parallax of the

baseline -- that is, we ignore the difference between the
directions of the wave vectors at the two MITES antenna locations
-~ and we assume that the two antennas have parallel

oriéntations, so that their dipole moment vectors and hence their

azimuth phase factors are identical. Thus, we obtain

S = B*A = G(8) exp(i<k|b>) .
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VIII. Multipath at One Antenna

The reflection of the field by the ground plane at each
MITES antenna, which we considered in Section V, is an example of
multipath propagation, but it is an uninteresting, or "benign,"
example so long as the ground-plane mirror vector § and the
dipole moment vector 5 are the same at each antenna. Multipath
is interesting, or "pathological," only when it is present at one
antenna in a form that is not duplicated at thé other antenna.

To simulate pathological multipath we assume that at one antenna
-- the one at the origin of coordinates -- in addition to the
horizontal ground-plane reflector there is a vertical plane
"mirror," described by a horizontal mirror vector, E, given by
m cosuy
[E\) = ‘m siny

0 .

By virtue of the reflection in this mirror the complex amplitude
A of the signal received at the satellite from the original MITES

antenna is augmented by Am. To derive an expression for Am we

e

apply the arguments of paragraphs 1, 2, and 3 of Section IV to

Equation (VI-4), and obtain

A= —<p*Ip7?

m R, IB> sin(<RIleg>) exp(i<kl (T-2m)>),

Tal

(Egn. VIII-1)
where, as in Equation (VI-4), we have omitted the constant factor

2r—l). Since the ground plane is horizontal and the other

A (2ik
mirror is vertical, <§IE> = 0 and <§lle§> = <E|§>. Thus, in

this special case, Equation (VIII-1l) reduces to

p A = -<5*|D‘1Rm|5> sin(<k|1g>) exp(i<k|(t-2m)>),

; .

. (EQn. VIII-2)
2 o
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Now the interferometric cross-power observable is
Stot = S + Sm

where

S = S(b) = B*A = G(8) exp(i<k|b>) (Egqn. VIII-3)
is due to the signal received directly (without reflection in the
vertical mirror), and

S = B*A_ = -{G(s) -2 M sin?(<k1§>)) exp(i<kl (Bb-2m)>),

| | (Eqn. VIII-4)

in which

M = <p*ID|P><PIRA><AIDIP*> . (Eqn. VIII-S)
In deriving Equations (VIII-4) and (VI1I-5) we substituted
I -2p =1- 2ifm><m| for the operator R in Equation VIII-1, and

1, -

used <p*ID " |A> = <AID|p*>. Substitution of the definitions of

E, D, and E into Equation VIII-5 yields

M i(u=¢)

(l+cosg) - sin2e cos(u-¢) e

{(l+cose)2/2}{1—[tan2(e/2)]GZi(u—¢)} .

(Egn. VIII-6)
The quantity M can also be written in a form that involves only
dot products:

M= 14 <kIZ> - <pHIk> <klf> <RID> .

Finélly, substitution of (VIII-6) into (VIII-4) yields the simple
result
s = S(b-2m)-F, (Egn. VIII-7)
where

F

—(tan?(e/2)) elllu-e) (EQn. VIII-g)

Note that the magnitude of F is a function of only the zenith

angle, ¢, whereas the phase angle depends on only the azimuth of

the satellite relative to the mirror.

57

.

Sntndiedcstond ael RIS oo k.

PET P




-16-

The magnitude dependence on zenith angle is easy to

understand physically: In 'the zenith direction the MITES &antennsa
has circular polarization matched to the wave that propagates to
it directly from the sateilite. But the sense of circular
polarization of a wave is reversed by reflection at a perfectly

conducting surface, so the MITES antenna has zero response to a

>

1]
o

reflected wave coming from the zenith. At the zenith, [F!

T
’

Viewed from the horizon, the MITES antenna has horizontal, linear

polarization so that it responds equally to waves with the two

7\
It
ot anall) Lo ¢

opposite senses of circular polarization. At the horizon, [F|
1. The form of the e-dependence between the zenith and the
horizon may also be derived directly by detailed consideration of

the antenna polarization. Since, in most practical observing

PP
-
ST TP

S o g

situations, reflections would be more likely to come from near

A

the horizon than from near the zenith, we expect that usually the
magnitude of F will be near unity.
The phase-angle dependence on the azimuth of the satellite

relative to the mirror is also easily understood physically.

e a T MR 2 W L T MR

This dependence stems from the e!? term in Equation (VI-5): The
phase of the signal received by a MITES antenna changes with the

azimuth from which the wave approaches the antenna. But this |

T

azimuth is changed by 2(u-¢) by the reflection in the vertical

mirror.

et

i The negative sigr of the right side of (VIII-8) is due to |
the reversel of the sign of the horizontal component of the
electric fielc¢, that occurs upon reflection at the perfectly

¢ conducting surface of the vertical mirror. |
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IX. Program Locic i
In this Section we outline the leogic of the computer program |

that simulates observations in the presence of multipath.
At each time for which an observation is to be made, the i
|
program executes a "DO" loop over all of the GPS satellites. !
Before this loop is entered, the total value of the ﬁ
interferometric observable is set equal to zero. Within the i

loop, the contributions of the individual satellites to the 3

observable are added into this total. A satellite may contribute

. MRk . .

not at all (if it is below the horizon or occulted by the

vertical mirror), via direct propagation alone, or through

multipath propagation, depending upon its direction relative to
the observer's horizon and the vertical-mirror plane, and upon
the size, shape, and distance of the mirror.

For each satellite, the unit vector t in the direction of
the satellite is computed from the orbital elements, etc. The
sign of the dot product of t and the unit vector %2 in the
direction of the observer's local vertical is tested té see
whether the satellite is above the observer's horizon. If it is
not, then no further computation is done for this satellite.
Othérwise, the dot product of T with the unit vector f in the
direction of the mirror (see Section VIII) is tested to see
whether the satellite is occulted by the vertical plane mirror.

We consider this mirror to have a finite size; its shape is

. semi-circular, like one end of & guonset hut. The cosine of half
the angle subtended at the observing antenna by the dieameter of

y the mirror is specified by a program input parameter named QUON.
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If <t |f> is greater than QUON, then the satellite is occulted by
the mirror and no further computation is done for this satellite.
therwise, the value S(B) of this satellite's "direct"
contribution is added to the interferometric observable (see
Section VII). This contribution is due to the wave propagated
directly to the antenna from the satellite. Now we test <Pif>
again to determine whether, from the position of the antenna, an
image of the satellite appears within the diaméter of the mirror.
If <t|RA> is greater than (-QUON), then no such reflection is
visible and no further computation is done for this satellite.
Otherwise, the value of the interferometric observable is
augmented by S_ = S(b-2m) * F, the contribution due to the wave
reflected to the antenna by the mirror (see Section VIII). This
completes the computation for one satellite at one time.

We conclude by correcting a minor mis-statement that we made
deliberately, in order to simplify the preceding description:
What our simulation proaram computes at each observing time is,
in reelity, not the complex cross-power S, but the set of eight
real-valued cross-correlations Lo t=-4,-3,...,+3, defined in our
June 11, 1980, memorandum. For direct-path propagation, we
compute r, for the baseline b according to Equation (1) of that
memorandum. For the reflected-path propagetion, we compute r,
for the baseline 5-2%, and multiply the result by F, by analogy
with Egquation (VIII-7) in the present memorandum. It is easy to

see that this analogous procedure is the correct one, because £

and rare linearly related. (See our memorandum cdated August

12, 1980.)
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Aprvendix on Vector Notation

To facilitate the writing of outer or tensor products we
introduce two special symbols, <G] and [3), that represent
vectors in two different, but complementary spaces. The spaces
are related such that a vector product is formed by multiplyinag
together one vector from each space. Thus the inner or "dot"

-

- - - -
product u*v = v*u =

fv> = <VIG>, and the outer or tensor

C

product of v and U is written [v><u]. The symbols <u) and [V
behave as row and column matrices, respectively, and indeed, once
a cocrdinate system 1is adopted, the vector components may be
written in matrix form as in Section II of this memorandum. If

we write [i> = [¥&>, (¥>, and [2> for i =1, 2, and 3,

respectively, then the identity operator I can be written

3 -~ ~
I = 1 [1><i);
i=]
(V> = 1{id<itvy = rli>vy
i i
<] = I<uli><i) = 1<iluy
i
thUS, > -+ -+ - 7 T - »
<ulvy> = <ulllv> = f<uli><ilvy = Lujv; = usv.
i i
The components of an operator M are Mij = <ilM|3> , so that the
components of the expression (v> = M[G) are found from
v, = <il0> = r<iIMEid<Ilo> = 1M, Lu ,
i 5 5 i

whereas <§} <G]M has—components

v, = <vli> = zculid<iIMli> = ru.M. .
i X .3 31
~ 2 J
Evidently, M is the transpose of M.

n
[

61

. . e DI
«® e A -
.

- « el
- SN e ey, AR T S A e
R T P, L L. R U PP Uiy SO DRy Yy Wiy Wy PAL I P Py

) o
A—A’ALLJ 2

1 t
. ;.

o
U Y G N U Y b

5. JNN e

NS




DEPARTMENT OF EARTH AMND PLANETARY SCIENCES

- MASSACHUSETTS INSTITUTE OF TECHNOLOGY

CAMBRIDGE, MASSACHUSETTS 02139

54~626
September 30, 1981

Memorandum

To: " R. L. Greenspan
From: C. C. Counselman III
Subject: Comparison of GPS Radio Interferometry Determination of

a Triangle of Baselines with Independent Determiration
by Conventional Survey

o oA C.

Introduction

On December 17, 1980, we set a portable "Miniature
Interferometer Terminal for Earth Surveying" (MITES) antenna atop
each cf three temporary survey merks thet we had esteblished near

the Haystack Observatory in Westford, Massachusetts. These

antennas yielded radio interferometric observations of the
NAVSTAR CGlobal Positioning System (GPS) satellites. We analyzed [
the date from an cbservation period of about 78 minutes, by the
method decribed by C. C. Counselman and S. A. Gourevitch in the

October 1981 issue of IEEE Transactions on Geoscience and Remote

L Aaaalilalal

Sensinag, to determine the baseline vectors between the marks. We

repeated the experiment on December 29, 1980, with a different

antenna on each mark. On the latter date, we also performed an

a + AaWR 1L 5

experiment to determine how severely the baseline determination
woulc be effected by the parking of a@ car next to one antenns

during the observing period. My Dasher station wagon was parked

1) VUM

broadside to one antenna, with its side ebout 60 cm to the south-

east. Observations made under this condition were analyzed to

62
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obtain a second set of baseline determinations for this deay. The
results of all three experiments were handed to you in my office
on February 23, 1981.

During Jenuary, 1981, the surveying firm of Harry R.
Feldmen, Inc., of Boston, Mass., used conventional surveyina
instruments to determine the same baseline vectors, except for an
overall azimuth rotation which remained unknown. After I had
given you our radio i;terferometry restlts, you showed me for the
first time the Feldman survey results. We-compared the MITES
with the Feldman results for the lengths of the baselines, but
not for the individual horizontal components because of the lack
of a survey determination of azimuth. We began to compare the
vertical components but found a puzzlina, gross, discrepancy thet
demanded further investigation.

In Mey, 1981, I found the. apparent explanation of the
verticel discrepancy: one simple numericel trenscription error
by Feldman. In July 1981, we obtained the result of an accureate
(3.3 arcsec) astronomical determination of the azimuth of one of
the baseline vectors from Bob Magee and Mark Nasson of CSDL
(their memo no. DSSG/MB1-19). I have now combined their azimuth
determination with Feldman's original between-baselines azimuth-
difference determinations to obtain azimuths for all baselines.
Thus, I have been able to compute 211 three rectangular
components, North (N), East (E), and Up (U), of each baseline

vector according to the combination of Feldman's and Maaee's

results.
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Results

In the present memorandum the r~sults of these computations

are presented and compared with our oriagineily reportecd
interferometry results which were in the same NEU coorcinates.
You wili recail that in order to tra:sform the interferometry
results from the 1950.0 mean eguator al coorcdinates, in which cur
geometrical calculations had been pe formed, to the topocentric
NEU svstem, I assumed that the U axi @ pointed towarC ceocentric

.

latitude 42° 237' 22", longitude 71° 9' 19%, and that the E axis

was parallel to the equatorial plsane of date.

In Teble I are given tie N, E, | components and the length
of the beseline vector that extends ‘rom our laser-pead,
manhole-rim, X-cut, temporé-y survey mark (Feldman's point number
4) to our front parking lot., screw-head, temporary survey mark
(adjacent to, but nct the s:me as, Feldman's front parking lot
"pin", their point number 2'. 1In adiition to the MITES anc the
survey results in this table we include the Geodimeter
measurement that Feldman, Inc., made but did not Include in its
final report tec you.

In Table 2 are the results for -he vector from ou-
screw-head temporary surve: mark in :he oil-tank area, near but
not the same as Felcman's »>in (their point no. 1), to our
manhecle-rim X-cut (Feldman no. 4).

In Table 2 are the results for the vector from our frent-lot

screw heac¢ to our oil-tank screw hee&d.
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In Table 4 are the N, E; U components of the three short
offset vectors to our temporary marks from the nearby, permanent
marks: one from the NGS disk in the center of the laser-pad
manhole (Feldman pt. no. 3) to the rim X-cut (F. pt. no. 4); one
from the steel pin set by Feldman in the front lot (F. pt. no. 2)
to our nearby screw head; and one from the steel pin set by
Feldman in the oil tank area (F. pt. no. 1) to our nearby screw
head. The N and E co%ponent values given in Table 4 were
computed bv me from the Feldman and Magee distance and azimuth
measurements. The U component of the offset vector was not
measured by the surveyors except at the manhole; I measured the
two others myself with a bubble level and & hand-held scele.

In Table 5, the vector misclosure around the triangle of
baselines is shown for each of the three MITES experiments. (The
conventional survey results reported by Feldmen had been adijusted
so that they closed exactly. No such adjustment was made for the

MITES results.)

Discussion

The tables indicate that both the MITES and the conventional
survey results are accurate at about the estimated level of
uncertainty, about 5 mm in each coordinate except for the second
MITES expo=riment on Dec. 22, when the car was parked next to one
antenna. The uncertainty for this experiment is hicher mainly
because ¢of the poorer satellite geometry, not beceause of the car.
Note thet the “aseline of Teble 2 had & car et neither end, yet

the repeatability of its vertical-component determination on
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December 29 is about as poor .as for the two baselines which had
the front-lot antenna in common. The triangle closure error
(Table 5) is extraordinary large for the Dec. 29 "car" experiment
because in this experiment, for unknown ressons, each of the

! three baselines exhibited a centimeter-sized upward shift.
d Still, it seems fair to say that, at least when the satellite

geometry is good, we can determine all three components of a

i! baseline vector that's about 100 meters long within about 5

i millimeters, one sigma, by MITES/GPS.

M Al i m aa ade om o
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Table 1. North (N),

East

hdied i

-6-

I W S G e B

and Up (U) components and lenath

(L) of the baseline vector extending from the laser-pad to the

front parking lot temporary survey marks,

determinations.

are intended to represent about *1 standard deviation.

from various

Uncertainties are subjectively estimated, and

Determination Baseline Component
N E U L
{Method/Date) {mm) (mm) (mm) (mm)
MITES/Dec. 17 7,110 5 ~91,784% 5 -1,2809¢ 5§ 92,068 &
MITES/Dec. 29 7,105 5 -2]1,782+ 5§ -1,287t 5 92,065 5§
* ‘ .
MITES/Mean 7,107+ 4 -91,783+ 4 --1,288: 4 92,067+ 4
%* %
MITES/Dec.29/car 7,107+ 7 -91,784% 7 -1,278+10 92,067+£10
Survey 7,101 5 - -91,780% 5 -1,291% 5 92,062% ¢
Geodimeter - - —_——— 92,074%*10
Difference: MITES/
Mean-Survey 6 6 -3 5 3t 6 4t 6
Difference: MITES/
Mean-Geodimeter -——= -—— -—- -7¢11
[
_®
Simple arithmetic average of the Dec. 17 and the first Dec. 2°©
[ result shown, although computed with more precision before
557 rounding to the nearest millimeter. The MITES/Dec.2%/car result
PY was not included in this average.
b -
t” Obteined from observations late on Dec. 29, while a car was
- parked with its side 60 cm from the center of the antenne in the
L front parking lot, The satellite viewinag geometryv was
; sienificantly poorer during these ohservations than for the
° earlier ones; thus, the baseline uncerteinty is maagnified,
t especlally for the U component.
e 67
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Table 2. North (N), East (E).,, and Up (U) components and length

(L) of the beaseline vector extending from the oil-tank to the

laser-vad temporary survey marks, from various determinations.

Uncertainties are subjectively estimated, and are intended to

represent about *1 standard deviation. The uncertainties for the

survey are greater for this baseline than for the others because

only for this baseline was the line of siaght obstructed so that a

dog-leg had to be surveyed.

Determination Baseline Component
N E U L

(Method/Date) {mm) (mm) (mm) {mm)
MITES/Dec. 17 -71,362% 5 101,187t ¢ -56t & 123,820% 5
MITES/Dec. 29 -71,357x 5 101,180+ & -52¢ & 123,811+ &
MITES/Mean* © =71,359: 4 101,184+ 4 -S54+ 4 123,816+ 4
MITES/Dec.29/car** -71,365+ 7 101,181+ 7 -44+10 123,816+10
Survey -71,347+ 7 101,180+ 7 -47+ 7 123,805+ 7
Difference: MITES/

Mean-Survey -12* 8 4 & -7+ 8 11z 8

* ) . . A . -
Simple arithmetic averace of the Dec. 17 and the first Dec. 29

result shown, althouah computed with more precision before
rouncing tc the nearest millimeter. The MITES/Dec.29/car result
was nct 1nclucecd Iir this averaage.

* *

Obtai:nec frecm ohservations late on Dec. 29, while & car wes
parkec with its sice A0 cm from the center of the antenna in the
front Darkinc lot. Note that neither of the antennas at the ends
of the baseline vector whose components are aiver in this table
were affectec. The satellite viewing geometryv was sianificently
poorer curinc these observations than for the eerlier ones; thus,
the baseline uncertainty is magnifiec, especiallv for the U
component.
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Table 3. North (N), East (E)., and Up (U) components and length

(L) of the baseline vector extending from the front parkina lot

to the oil-tank temporary survey marks, from various determina- i
tions. Uncertainties are subjectively estimated, and are

intended to represent about *1 standard deviation.

.
L]

Determination Baseline Component
N E | U L
[ (Method/Date) (mm) {(mm) {mm) (mm)
t MITES/Dec. 17 64,242t 5  -9,400f 5 1,346t 5  £4,940% 5
}‘ MITES/Dec. 29 ~4,249 5 ~9,401t 5 1,342 5 64,947+ 5
‘ MITES/Mean* 64,246 4 -0,400+ 4 1,344+ 4 64,944+ 4

*
MITES/Dec.2%9/car * 64,251+ 7 ~0,406x 7 1,365+10 64,950+ 7

-

Survey 64,248+ {4 ~9,399+ 4 1,338+ 4 64,944+ 4

T
T ¢
LA N

Difference: MITES/
Mean-Survey -2t 6 -1t 6 6 & 0 6

—
PR
e’ h

T

n

Simple arithmetic averaage of the Dec. 17 and the first Dec. 29
result shown, &lthough computed with mcre precision before
rouncing to the neerest millimeter. The MITES/Dec.29/caer result
was not included in this average.

ottt b s i

* %
¢ Obtained frem observations late on Dec. 29, while a car was

f parkec with 1te side A0 cm from the center of the Antenna in the
' front rarking lot. The satellite viewing geometry was
sianificancly poorer durina these observations then for the
earlier ones; thus, the baseline uncertainty is maanified,
especially for the U component.

v v Paain g
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Table 4. North (N), East (E), ané Up (U) components of the short
offset vectors from the permanent to temporary survey marks.

Estimated uncertainty is *1 mm in each component of each vector.

Site Vector N E u
From To {(m) (mm) (mm)
Laser pad manhole  NGS disk Rim X-cut 262 -5 208
Front lot Séeel pin Screw head -269 27 -16
Cil tank Steel pin Screw head- 48 227 -1
Table 5. Vector misclosure around the triangle of baselines for

each of the MITES experiments. The entries in this table were
obtained by summation of the corresponding entries in Tables 1,
2, and 3; the square root of the sum of the sqguares was taken for

the uncertainties.

N E U
Experiment (mm} (mm) (mm)
Dec. 17 -10t 9 4% 9 1* @
Dec. .0 -3 @ -3 9 3t o
Dec. 1%/car’ —7t12 ~1012 4317

Otteined frem observations late on Dec. 29, while & car was
parrec with 1ts side A0 cm from the center ¢f the antenna in the
frent verking lot. The satellite viewina geometry was
sianifilcantly poorer durinc these cobservations than for the
eariler cnes; thus, the baseline uncerteinty is meanifieqd,
especially Inr tne U component.

70




~——y g — - - ——————
| a4 o lline el g iiai aie o ingedias fhare s J s v St A dan it 4 Pl ol B - - .

ACCURACIES OF BASELINE DETERMINATIONS BY MITES
ASSESSED BY COMPARISONS WITH TAPE, THEODOLITE,
AND GEODIMETER MEASUREMENTS

C. C. Counselman III, S. A. Gourevitch, R, W.

King, T. A. Herring, I. I. Shapiro (Dept. Earth

& Planetary Seci., M.I.T., Cambridge, MA 02139)
R.L. Greenspan (C.S. Draper Lab., Camb.,MA 02139)
A.E.E. Rogers, A.R. Whitney, R.J. Cappallo (NEROC

Haystack Observatory, Westford, MA 01886)

On Dec. 17, 1980, portable MITES antennas [ref.

Bull. Geod. 53, 139-163 (1979)) were set atop

three survey marks near the Haystack Observatory
building. These antennas yielded radio inter-
ferometric observations of the NAVSTAR/GPS satel-
lites which were analyzed to determine the vector
baselines between the survey marks. Observations
were repeated 12 days later with different anten-
nas on the marks. For the determination of each
baseline on each day all of the observations from
the entire time that five satellites were above
20° elevation--1.3 hours--were used. No data
were deleted or downweighted and the same para-
meters were estimated using the same algorithm in
every case. On each day, the triangle of separ-
ately estimated baselines closed within 1 em in
each vector component; and for each baseline, the
two determinations agreed within 1 em. In Janu-
ary, 1981, the firm of H. Feldman, Inc., surveyed
the triangle conventionally by means of steel
tape, 1" theodolite, laser Geodimeter, and pre-
cise level. The MITES experimenters and the
conventional surveyors did not communicate, but
both delivered their results in writing to a
referee (R.L.G.) for comparison. The results for
the lengths of the sides of the triangle were, in
millimeters:

Side 1 2 3
Tape 6U,G4Y *5 92,063 =5 123,805 *5
MITES 6L,94L =7 92,067 =5 123,816 7
Geocdimeter n.a. 92,074x10 n.a.

We conclude that, at least for short baselines,
the resolution of interfercmeter fringe ambigui-
ties is not cifficult; also, at the centimeter
level of accuracy, multipath interference is not
a significant protlem with MITES.
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ENCLOSURE 3

ACCURACY OF RELATIVE POSITIONING BY
INTERFEROMETRY WITH RECONSTRUCTED
CARRIER GPS: EXPERIMENTAL RESULTS
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ACCURACY OF RELATIVE PCSITIONING BY
INTERFEROMETRY WITH RFZONSTRUCTED
CARRIER GPS: EXPERIMENTAL RESULTS*

Richard L. Greenspan
Arthur Y. ¥a
Joseph M. Przviemski
James D. Vezle

The Charles Stark Draver Laboratory, Inc.
Radio Navigation Division
555 Technology Sguare
Cambridage, MA 102139

ABSTRACT

Several short baselines were measured by means of interferometric
(phase-difference) processing of the reconstructed carrier signals received
from four GPS satellites. After 1 hour of observation, the baseline esti-
mates agreed with surveved values within 5 millimeters in each coordinate.
Ambiquities in the carrier phase data were typically resolved within the
first 15 minutes of observation. The baseline lenaths tyvicallv converged
to 1 centimeter of their final value within 15 to 30 minutes of observation.
The sensitivity of the baseline estimates to multivath was demonstrated and
theoretical predictions of multipath effects were confirmed. This experi-
mental program demonstrated the feasibilitv of survevinc short baselines to
subcentimeter accuracv usine highlv portable electronic eguipment. Unpredic-
table components of propagation delay will »e the limitine error source for
longer baselines.

t 4
T™his work was sponsored bv the U,S, Air Force Geoohysice Laboratory under
Contract F19628-80-C0040,
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INTRODUCTION

The Charles Stark Draver Laboratorv, Inc. (CSDL) has conducted a ser-
ies of exveriments to demonstrate that short baselines on earth can be meas-
ured in magnitude and direction to within 1 centimeter or less of error
throuagh the use of easilv portable electronic equipment. These measurements
. were obtained by interferometric processing of GPS signals received at two
S antennas that were sited at the ends of the baselines to be measured.* The
GPS siqgnals were amplified and cabled to a GPS receiver wherein the narrow-
band carrier signal was reconstructed by conventional codetracking proce-
dures. The instantaneous carrier phase for each satellite in view was sam-
! pled periodicallv to form the set of observables from which vector baselines

were estimated. The following sections cescribe the experimental setup, sum-
marize the data collection and the subsecuent results of baseline estimation,
and qive a preliminary interoretation of our findings with resvect to the de-
velooment of GPS instrumentation for geoccdetic apmlications.

EXPERIMFNTAL DESIGN

Figure 1 is a schematic reprerentation of the hardware configuration of
the experiment. The antennas (Miniature Interferometer Terminals for .Earth
Survevina (MITES)) and preamplifiers were develooed for CSDL by The Stein-
brecher Corporation in collaboration with Professor Charles C. Counselman IIl
of MIT. The MITES antennas are tunec to receive the GPS L, frequency
1.57542 GHz. The antenna is functiorally comprised of two orthogonal, horizon-
tal, halfwave resonant dioole elements fed in phase quadrature to achieve
circular polarization in the zenith cirection (Reference 1). The dipoles
are mounted on a cvlindrical brass staft at a height of 3/8 wavelength above
a metallic horizontal ground plane, ® sauare yard in extent (Figure 2). The
antenna provides a nearlv uniform gairn, from the zenith to about a 20-degree
elevation above the horizontal. Therefore, signals from all satellites at
or above a 20-dearee elevation are simultaneously received during a data
collection session as long as thev are not occulted by obstacles. Signals
from individual satellites are resolied in the GPS receiver by means of their
spvecific code structure.

In these exveriments, the ant¢nnas are precisely located over survey
markers bv means of a pointed brass 10od inserted through a vertical hole
bored into the cvlindrical center shaft.

The antenna output is coupled to the preamplifier unit by a 4-foot
lenath of RG-233 cable. A four-sect:on cavity bandpass filter with 25-
meaahertz, 3-db bandwidth is providec to reject out-of-band interference with
only i db midband insertion loss. A limiter provides burn-out protection from
strong interfering signals. The system noise fiaure is set at about 4 db
bv a low-noise GaAs FET preamolifier. The net svstem gain is aporoximatelv

*
For the purposes of this paver, short baselines are those for which prova-

gation disturbances are higqhly corr¢lated at either end and are therefore
cancelled by interferometric proces: ina.
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FIGURE 1. EXPERIMENTAL SETUP. 4

. -l
26 db. The preamplifier output is connected to the input port of the GPS !
receiver by approximately 35 meters of RG-214 double-shielded coaxial cable. e
T

The GPS receiver is the breadboard prototype of a device that was under
develooment at CSDL. The hardware consists of a sinale RF channel with fre-
guency conversions selected to receive the L  frequency. For this experi-
ment, the receiver software is conficured to sequentially track four satel-
lite signals from each baseline antenna after they have been acquired. The
receiver implements a variation of the Costas-loop having an arctangent error
response to track the data-modulated C/A signals received from a single sa-~
tellite over one 24-millisecond interval. At the end of each interval, it
switches under software control to process the next satellite in the next in-
terval., Code tracking is also executed to make GPS timing information avail-
able. Data recovery to obtain satellite ephemerides is performed as part of
the initial signal acaquisition function.

A

BVEA 2SN/

.

All eight receiver channels are used for data collection. The proce-
dure is to cable antenna outputs from both ends of a test baseline to the re-
ceiver and to process uo to four satellites from each end. Thus, the cur-
rent confiquration implements a connected element interferometer. However,
we encountered one source of ohase drift between antenna outputs that gives
the observables the characteristics of independent element interferometry.

N L U | B EPI

ST IR SR N

Sequencinc among eight channels takes aooroximately 192 milliseconds.
Thus, five samples of the carrier phase of each satellite in view are avail-
able everv second. These carrier ophase samples are ambicuous bv multiples of
one-half wavelenath because of the arctanuent implementation. However the
sampling rate is fast enouah that carrier cvcles are not lost. Therefore, 2
constant time offset (equivalent to an inteagral multinle of half wavelenaths)
can be estimated for each satellite sianal as vart of the data reduction.

In these experiments the antenna/preamplifier units were located on
the rooftop at CSDL and cakleé to the GPS receiver in a laboratory one floor
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. FIGURE 2. MITES ANTENNAS. 1
p
s below the roof (Reference 2). Figure 3 illustrates the orientation of eight
) markers that were placed on the rooftop to define potential baselines. 4
¢ These markers were surveved by tave and by theodolite to determine the base- i
< line lenaths, the elevation of the markers with resvect to marker Al and the "
:,: anales of the baselines with respect to north. The angular meaSurements are
b . 5
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estimated to have a standard deviation of 3 arcseconds: the point to point
distance errors are estimated to have a staidard deviation of 2 millimeters.
Tables 1 and 2 summarize the survey data.
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FIGURE 3. SITING OF SURVEYED BASELINES ON CSDL ROOF.

During anv data collection session, two antennas are centered over the
surveyed points; thev are leveled and oriented within a few degrees of north
using a bubble level and compass. The orientation is important because the
antenna patterns will introduce an electrical phase angle equal to their dif-
ference in azimuth orientations. Because the two antennas are essentially
identical with a circular svmmetry, their phase centers can be taken at the
height of the ground plane directly above the survey markers. The antennas
have screw-tvope levelino leas; therefore one must measure the heiaght of each
antenna above the marker in order to properlv compare the interferometry re-
sults with the conventional survey. This was done by measuring the height of
the central shaft above the marker plate for each experiment. This measure-
ment is accurate to about 1 millimeter.

All exveriments were conducted when “hree or more GPS satellites were
visible above a 20~-deagree elevation as seen from Cambr idae, Massachusetts.
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This limited the ootential viewing time to about 78 minutes each day of which
about 16 minutes were required for signal acquisition, ephemeris collection,
and determination of GPS svstem time. Therefore, data collection tvpically
svanned about 1 hour. As a result, only one baseline was measured per day.
Fiqure 4 (Courtesy of C. Counselman) illustrates the azimuth and elevation
histories of the visible satellites during a data collection session. Since
the GPS satellites are in a nearlv 12-hour orhit, the same pattern repeats
from dav to day at proaressively earlier times (4 minutes per dav).

TABLE 1. HORIZONTAL COMPONENTS OF REFERENCE BASELINES.

DISTANCE ANGLE FROM NORTH
(meters) (degrees)
A1A4 19.6470 44.7808
A4A2 40.9507 110.9572
A1A2 52.0859 90.7712
A2A7 31.6031 148.5794
A3A7 20.9295 48,4691
ABA3 22.0182 131.4213
ASAB 29.8460 109.2713
ASA3 50.9205 118.6541
A1AS 18.9920 154.3862
AS5A6 8.2000 22.7211
A1A6 14.8620 130.0446
AS5A4 31.5772 10.2689
LﬁAGAA . 23.6363 5.9788

TABLE 2. ELEVATION OF REFERENCE MARKERS.

ELEVATION

(cm)
Al 0.00
A2 ~11.45
A3 -10.65
A4 -8.80
AS ~-8.95
A6 -8.70
A7 -0.60
A8 -0.35

EXPERIMENTAL OBSERYVATION

Data collection began on Augqust 13, 1981 with observations of baseline
AlAZ2. The first surveys used carrier phase differences (integrated Doppler)
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L—— — CIRCLED NUMBERS ARE GPS NAVSTAR SATELL!TE DESIGNATORS

L @ ~ SATELLITE TRACKS ARE DARKENED TO INDICATE SIMULTANEOUS
VISIBILITY ABOVE 20° ELEVATION

: FIGURE 4. VISIRILITY OF GPS SATELLITES.
3 as the observable. The resultinc baselines disaarees from the survey by sev-
o eral centimeters. Al<houch this was encouraging, we began an intensive re-

L view of the data collection vrocedures and the Adata reduction software in or-
der to determine “he cauce of unanticipated trends in the vost-fit residuals.
These trends were the evicdence that led to the discoverv of & sianificant
timino error ir the processing software. By the end of Seotember 1981, the
orocessing software was debuacoed ani extended to include the option for phase
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difference processing, as well as integqrated Doppler difference processina.
Data collection for baseline measurements was concentrated in October 1981,
with further ohservation sessions during December to assist in diagnosing the
measurement error sources. Table 3 summarizes the data base collected during
this period. Weather conditions during baseline measurements ranaed from
clear, calm, and dry with temperatures around 22 C to wet and windy with tem-
peratures around 10 C.

TABLE 3. BASELINFE MEASUREMENT DATA BASE.

Dates Baselines Comments

October 1,3 Null Used to estimate noise level attributable
to receiver electronics

October 7,8,9,13 ASA4
Used to estimate measurement repeatability

Octobher 14,15 ATAS and closure of triangqular survey

vctober 16 ATA4 S

October 21,23,26 ASA4 Diagnostic tests for observed phase drifts
Dctober 27 ASA4 Reflecting mirror placed to produce multipath
December 15,16,17 Mull Diagnostic for contribution of electronics to

post-fit residuals

DATA REDUCTION

The GPS receiver generates sets of eight phase measurements taken se-
quentiallv over a 192-millisecond interval which corresponds to the sampling
period of the receiver's ohase tracking filters. For a baseline AB, the ob-
servations are sequenced as Satellite n at A, Satellite n at B, Satellite
n + 1 at A, and so forth. The receiver software also outputs estimates of
the carrier ohase rates and accelerations so that all observables can be
referred to a common epoch. Experience has shown that the phase rate terms
are adequate for this interpolation: there is no aoparent improvement of the
post-fit residuals when the acceleration term is included.

The bandwidth of the carrier phase-tracking filter is aoproximately
i/2 hertz. Therefore, the minimum period between useful sets of observables
1n approximately 2 seconds. Althouah all of this data are available, we have
tvpicallyv chosen to process data at 19,2-second intervals as a qood compro-
mise between baseline measurement accuracy and processing burden., We will
ti1scuss the dependence of measurement accuracy on the number of observations
.n the following section.

The basic set of observables is the difference in carrier phase for
*ae reception of each satellite at each end of the baseline. These differ-
rvec are formed after the sequential observations are interpolated to a com-
~ . eonet. These observables were processed in three steps. In the first
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step, a linear least squares algorithm with equal weighting of residuals was
1' applied to generate & trial solution for the ambiguous baseline components. x
k The following set of equations was fit to the data to estimate eight param- g
b eters, including three baseline components, frequency offset, and one phase ?
] offset for each satellite. '

. L = b - 2z . . _
. b5 Sig T Oyt 1(88) io= 12,34

=TT

where

= the interferometric phase difference for the ith observa-

Q..
+J tion of satellite j

ot
#

the unknown baseline vector

4
LRSIV N

sij = a unit vector in the direction of satellite j at time i
a. = an unknown phase offset for observations of the jth
- satellite
§é = the phase shift produced by an unknown frequency offset be- -

tween the receiving systems

The resulting values of aj were converted to integer multiples of A/2, and a

limited search around these integers was executed to determine the set of inte-
gers that minimizes an error criterion. Call these integers Nj' The final

e I B

step of the processing is to refit the baseline by a five-parameter least
squares procedure giving the solution to the equations

{67

®ij - N] A2 =
where £ is included to fit cable length differences that are a fraction of ;
A/2. )

. ?ij + i(88) + 8 5 = 1,2,3,4

Table 4 summarizes the results of the baseline estimation. The base-
line components are presentecd in local-level (north-east-up) coordinates.
There was no data editing in these runs, although subsequent analysis sug-
gests that a short interval of data taken immediately after initial satellite
acquisition should be suppressed to avoid contamination by the transient re-
sponse of the carrier tracking filters. Each baseline listed in Table 4 was
measured on a different day; one antenna was moved, repositioned and leveled
from day to day. The largest disagreement betweer the conventional survey
and the phase processed data is 5.7 millimeters (east component of AS5A4), and
@ five of the nine differences are less than 0.4 millimeters. The rms post- *
fit residual for phase estimation is about 2 millimeters. The horizontal
disagreements for Doppler processing range between | to 4 centimeters, with
larger errors in the vertical component, reachinc 12 centimeters in one case.
Vector misclosure around the triancle of baselines is -2.2, -2.2, =-0.3 {(mm)
in the coordinate directions (N, E, U), respectively.
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TABLE 4. BASELINE SURVEYS.
( T | > W
i | urvey ' North ! East Up RMS Residual
i Baseline Mode I (meters) | |(meters) (meters) (millimeters)
| AtA4 Conventional ' 13.9453 | 13.8390 | -0.0880 —-
; .
. AlA4  Interferometric | : !
' [ : :
(10/16/81) Phase‘;;) | 13.9481 | 13.8388 | -0.0883 1.99
! Doppler 13.9581 | 13.8259 -0.1256 1.39
i A1AS 'Conventional ~17.1253 8.2101 -0.0895 —
A1AS Inter ferometric
(10/15/81) phase(:;) -17.1256 8.2131 -0.0878 2.07
Doppler ~-17.1477 8.2471 -0.0111 1.47
ASA4 Conventional 31.0714 5.6292 0.0015 _—
ASA4 Interferometricy
/ ‘
| (10/13/81) Phase':) | 11.0715 | 5.6235 | ~0.0008 2.02
i Doppler | 31.098) 5.5923 -0.1217 1.50

NOTES:

(1Y Single-differenced pnase processing.

(2) Single-differenced integrated Doppler processing.

{3) Conventional values of the "Up" component are from Table 2; the inter-
ferometric measurements are adjusted for the heights of the antennas

ahove the survey marks.

Phase obser-
fit to three

(4) 187 data setc spaced at 19.22-second intervals over 1 hour.
vations are {it to five parameters and Doppler observations
parameters.

Table S summarizes the results of repeated measurements of bameline
ASA4. The baseline components typically differ by less than 2 millimeters,
except for one measurement of the vertical component which differs by about
£ millimeters. The standard deviations are 0.76, 1.60, 2.40 (mm) in the
coordinate directions (N, ¥ U), respectively.

DISCUSSION

The results presented in Table 4 are repeatable. This experiment

cives primary evidence for the following conclusions:

(1 Interferometric processina of carrier phase differences ob-
served in reception of GPS signals can be used to measure
short baselines to an accuracy of better than 1 centimeter in
length and in each coordinate.
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TABLE 5. REPEATABILITY OF BASELINE ESTIMATES

] (Baseline ABA4) . &I
Date North (m) ! East (m) Do (m) i
, October 7 -31.0731 -5.6226 0.0253 y
n g -31.0735 -5.6234 0.0306 g
9 -31.0730 -5.6227 0.0312
13 -31.0715 -5.6235 0.02313

(2) For longer baselines, the primary error source will be sta-
tistically independent propagation delays alona the path from
the satellite to each baseline antenna. These vpropaaation re-
siduals are now believed to contribute about 1 to 2 centi-
meters error to long baseline measurements (References 3
and 4). For baselines of 1000 kilometers or more, satellite
ephemeris errors could become significant.

-
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(3) The quoted accuracy from GPS observations can be achieved us-
ino highly portable equipment includina a ruaged, low—gain an-
tenna (e.a., MITES), a single~channel rapidly sequencing GPS
receiver and data acouisition system under control of a small
minicomputer, ané a high gqualitv crystal oscillator having a

\ Jus

Ly s . M
short-term stabilitv on the order of 1 part in 10 over 100
seconris.

s, J W

We executed several variations on the basic data collection and re-
duction procedures in order to sharmen these conclusions. The first varia-
tion involves measurements of a "null" baseline. This is a procedure where-
in the signals from one antenna are split intc two paths and input to the
GPS receiver as if thev came from two different antennas. It is used to es-
timate the noise level of the baseline measurement procedure.

4

l.) »
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Figure 5 illustrates an overlav of the ohase residuals for all satel-
lites observed durina the null-baseline test ¢f October 1, 1981. 1In this
test, the siqgqnal solitting occurred at the input to the GPS receiver. Thus
the antenna, preammlifier, and all cabling is common to both ends of the
"baseline”. Data were collected for 3% minutes; for this data set, the least
squares fit for the baseline comobonents yields 1.8, -0.3, -0.8 millimeters
with an rms post-fit residual of 0.96 millimeters. The results converce to
this level within 15 minutes of observation. The residuals appear to be ran-
omlv distributed with no discernable trends. We conclude that the sequencing
amonc receiver channels is fast enoual that receiver electronics, including
vhase instabilitv of the receiver frecquencv standasé (FTS-Model 1000}, is a
nec.iaqible error source.

O, .. S S

- T™e rms post-fit residual converaes to the standard deviation of the
observation noise when tha:t noise is white. The rms residual can be predicted
from SNP considerations as follows. The carrier-tco-noise ratio inpu: to
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FIGURE 5. POST-FIT PHASE RESIDUALS FOR "“ZERO-~BASELINE"
OBSERVATION OF OCTOBER 1, 1981.

the sequential tracking filters was estimated at 35 + 2 db-Hz and the track-
ing loop noise bandwidth was approximately 1/2 Hz. For C/n_ = 35 dR-Hgz,
the rms error in measuring phase distances is given by

A En(Hz)
_ LA n - o.s%
o 2 2%\ C/n_(aB-Hz) 0.55 mm

whicn is within a factor of two of the observed phase error.

The zera-baseline data was also reonrocessed in the "double-difference"
mode

Oﬁservable = (¢1j - ¢lk)..(¢2j - ¢2k)

where ¢i. is the carrier phase of satellite j as viewed viewed at the ith

antenna. ' The rms residual increases bv almost V2 to 1.33, which is consis-
tent with the assumption that these residuals are uncorrelated.

Fiqure 6 illustrates the phase residuals for the first processing of
the observations of October 13, 15, 16 cited in Table 4. There is clear evi-
dence of a phase slopbe in the data. The scatter around this slooe abpears to
have a meak-to-peak range about 3 millimeters. The significant feature of
Figure 6 is that the trend is common to all satellites. That rules out
satellite-dependent antenna or multipath effects and suggests that there is a
small time-varving phase drift between the two antenna channels. The obser-
vation of this slow drift term was the motivation to include a phase drift
(frequency of fset) parameter in the baseline estimation algorithm. The re-
sults of Table 4 were ovroduced with the phase slope estimated. Figure 7 il-
lustrates the post-fit residuals using this improved estimator.

Further tests were conducted in December to diagnose the source of
the Arift., The results of the first null-baseline test exclude the receiver
as the source of the drift. The remaininc candidates were the preamplifier
units or, perhaos, the cavity filters or cables,
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In the zero-baseline test of December 15, the antenna was cabled to
ore preamvlifier whose outobut was smlit and cabled to the receiver., This is
equivalent to the first zero-length baseline experiment, except that there
is an opvortunitv for the cables to be a source of phase error. Figure 8
illustrates the phase residuals on a2 sample by sample basis and with smooth-
ing over 5 adjacent samples (96 seconds). There apvears to be a slope of
about 4 millimeters per hour. Since the preamplifiers are common to both
paths, this slope suggests that there was a change in the length of the ca-
bles. The thermal coefficient for electrical length of a polyethylene insu-
lated cable (RG-214) ranages from 100 to 250 pom/*C (Reference 4). For a tem-
perature rise of 2°C/hour (during mid-day December), we could expect that
phase sloves on the order of S millimeters per hour or more could be attrib-
uted to the 20-meter difference in the lenaths of cables that were exposed to
the changing thermal environment, The experiment was repeated with the an-
tenna ocutput split and amplified sevarately before being cabled to the re-
ceiver. A phase slope of 2 or 4 millimeters per hour was observed on suc-
cessive davs when different pairs of amplifiers were used. The use of inde-
pendent amplifiers did not increase the phase slove. This confirms our sus-
picion that differential expansion of the cables produced the observed ef-

fect.
- rms RESIDUAL = 1.93 mm
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h Another question we considered was the rate at which the baseline es-
: timates converge, and in particular, how much time is required to resolve
the ambiguities in carrier ovhase differences. The result of more than ten
baseline determinations is that, in most cases, the ambiquities were correct-
lv resolved for the trial baselines from 10 to 15 minutes of observation, as
long as there were several data points ver minute. The exceptions occurred
when the phase slope (that we attribute to cable stretch) was large. In
these cases, as much as 35 minutes was required to properly resolve ambigqui-
ties. 1In most other cases, the baseline length was estimated with less than
1 centimeter error within 10 to 15 minutes. After that, the errors steadilyv

AORY . J URIRNes. ) T

b, decreased to the level of a few millimeters. We conclude that:
-
E 1) The rms residual converqges rapidly after ten or more data

points are processed.

—

(2) The accuracy of the baseline estimate improves with the span
of the observations and the number of data points. If the
number of data points is fixed, then errors decrease if the ob-
servation period is increased.

The final question we address is the influence of multipath on the
baseline estimation. Baseline ASA4 wes remeasured on October 26 and then on
October 27 a 4-foot high, 2-foot wide, 1/8 inch aluminum plate facing northwest
was mounted verticallv behind the antenna at A5, as illustrated by Figure 9.
The procedure outlined in Reference 5 was used to predict the incidence of
multivath during a 1-hour observation session. The theory predicts that
signals from satellites labeled 5, 6, and 8 would not be reflected in the
mirror; signals from satellite 4 would reflect for a short interval but these
reflections would not oroduce significant phase deviations; signals from
satellite 9 would be reflected during most of the observation period and
this multipath would cause a peak-to-peak phase offset of about 19 milli-
meters. Fiqure 10 illuctrates the observed phase residuals.The upper plot
shows the residuals for October 26 (no plate) and residuals for October 27.
In both cases, the residuals have been smoothed over five successive samples
(19.22 seconds per samole) to suoores; short-term noise fluctuations. Com-
parison of these residuals shows that the theory is qualitatively accurate
and remarkablv close to being quantit itively accurate. The N, E, U compo-
nents of baseline ASA4 estimated from the data of October 26 are -31.0423,
-5.6271, 0.0003 (meters), resovectivel:r. The baseline lenath is 31.5500
meters. These results deviate from prior measurements of ASA4 because the
antenna was not accuratelv sited over the A5 marker on these two days.

The observations of October 27 vield baseline components of -31.0048, -5.6691,
and 0.1620 (meters). The baseline length is estimated as 31.5792 meters,

This inauspicious vplacement of the reflecting plane demonstrates the possi-
bilitv that multiovath reflectina into a poorly sited antenna could produce
baseline measurement error of a few centimeters.

CONCLUSTONS

We have demonstrated that reconstructed carrier processing of GPS sig-
nals can be used to achieve subcentimeter accuracy in the measurement of
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FIGURE 10. INFLUENCE OF MULTIPATH ON POST-FIT PHASE
RESIDUALS.

short baselines. With the advent of compact GPS receivers, the field in-
strumentation ircluding antennas, clocks, receivers, and data collection will
be hiqhlv portable. The reauired GPS technology involves carrier tracking
and rapid sequencing of C/A code-tracking looos. Second-generation portable
GPS equipment embodying these functions is currently under development by

the Defense Department.

We believe that the primarv error source for lonaer bisselines will be
uncorrectable provagation delays and satellite ephemeris errors. Multipath,
cable stretch, clock drift, time svnchronization, and thermal noise will not
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be significant error sources in a well-designed and well-sited svstem; nor
will the suppression of these effects incur anv significant penalty in cost

or

convenience to potential users.
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Introduction

Multipath is a potential source of errors in measuring baselines by
means of carrier phase interferometrv. Reflections of the radio signal
0ff of nearbyv objects can combine with the direct path signal to distort
the measured carrier pnase, This multipath distortion is not, in
general, common to the two ends of the taseline because the topography
differs, and is not common to two satellites tracked simultaneocusly at
one end because the satellites are at d:fferent points in the skv.
Formation of the interferometric phase observable with a single
difference (phase at one end subtracted from phase at the other end for
simultaneous measurementS) cancels errors that are common to
measurements made at the two ends of the baseline. Use of a second
difference (phase due to one satellite subtracted from phase due to
another satellite) cancels errors that zre commonAto measurenents made
at either end which are the same for more than one satellite -- examples
0of such errors include statior clock errors and cable stretch due to
thermal loading. Multipath, however, falls into neither of these two
classes of “"removable” errors. It is tuerefore of interest to lezrn how
iarge the multipath distortion may de and in wnat situatiens may

multipath be a signifircant error source.

We derive an analvtic expression for the contribution of multipath to
the received pnase for the specific case of & vertical plane rellector.

™e intent is te five ourselves a qualitative, and to sonme extent,
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quantitative feel for the size of the multipath distortion. This resul:
is a special case of a general expression which we give in operator
notation. The general expression covers antennas like the MITES {1}
antenna, that is, a quadrature fed pair of dipoles mounted at right
angles to each other in the horizontal plane a distance g (for MITES, g

= 3 ) /8) above a horizontal ground plane.

An éxpetiment has been conducted on the CSDL roof which demonstrates the
observability of multipath due to a rectangular reflector mounted ip the
vertical plane a short distance from one antenna of a baseline, The
residuals after the fit resemble the theoretical phase error fairly
closely. The experiment is described and qualitative results are

presented.

Theoretical Development

Tne following analysis uses the operator notation and analysis
techniques employed by Counselman and Gourevitch [2). The situation is
depicted in Figure |. Consider a baseline consisting of antennas A and
B, each with {ts own receiver. Only antenna A has reiflecting objects
around it; antenna B is assumed to be on level ground, which is by
assumption an extension of the antenna ground plane. A satellite at
zenith angle ¢ and east azimuth ¢ (referenced to morth) is observed by
both receivers, which track the phase of the received carrier. The
observable is the difference in received phase sampled simultaneously,
or nearly so. It has been shown (3] that in the absence of errors, the
phase-connected, ambiguous observable is equal to zﬁ{(f‘—f,bm‘u where L
denotes range to the satellite {rom receiver i, and the term n»

accounts for half wavelength ambiguities which must be removed.

The reflection produces a relatively delayed signal that interferes
coherently with the desired direct-path signal. The reflected signal
arrives attenuated in strength and sh}fted in phase vith respect to the
direct signal from the satellite because of the extra propagation delay,
azimuth dependence of the antenna pattern phase characteristic, and the
reversal of sense of circular polarization duvue to reflection. The
effect on the measured signal can be seen qualitatively in the phasor

diagraw in Figure 2. 1In the diagram ¢ ¢ represents the portion of the
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signal received froc the satellite anc ¢, represents ine portion of

the signal received froc the reflector. As Ihe saile.lille-antenna-
reflector geome:ry changes wiih tise, the encpoint ¢! ;. traces oul &
locus that is not necessarily circular. Indeec, giver the numerous
factors contributing Ic veceived multipath phase, the length and
orienzazioc 3¢ ¢, with respec: ¢ ¢5 emight well iook arditraryv, Wue

wish tc knOw mOré Geta.ls concerning ihe Te.allionshi; betveen ¢, anc

©0gs Teasonadble limits ot the phase error ¢,, anc rate of variatlor

of s, as the satellite woves. One of the principal goals of this
section 15 o0 characterize received multipath phar error by deraviag an

expression for che special case of a ver:zicai reflecior.

Ic the notation of {27, the direct satellite signal received by the
quacrature fed crossed dipole antenna s given by the folloving
expression, neglecting an acplitude fa<tor that has been set to unity

throughout this discussion:
Ae (FUITIED) sm(CR1B)) exp (jCRIFY) .

vhere ]‘p) is the cowpiex column vector representing the oriemtatios of
the quadrature-fed horizontally mounted crossed dipoies of the MITES

antenna:
1
- . .
Ir)g J , J'#'l a’
=4 :
oy . el 4
( P ]is the complex conjugate transpose ol lp) ;7 D 1s an identity 1
operator that perfcras a rotatior in azimuth and zenith angle to locate

the ransmilter in space:

1

:

fme wep  -einé sinBeosd ~

Dt |cwsosmé  cosd sinfsmb :
om® o cesp . ‘

a5 ;




-
( k‘ is the propogation (rovw) vector of the signai froz :1s source and

nat gagaitude X /i;]g)is the grounc plane vector andlmis the rauge

vector froc the antenna to the satelilte., The first element i these
vecIoTs 15 the X or north component, the seconé is the Yy or wvest

component, and the third i1s the £ or up cosponent, Wher the quantilties

listed above ate substituted inte ()X ve gel tue {olloving uselul
expression:

A s {(l*usﬁ)"*(‘% cou0) ¢)¢ } ‘32¥

(2)

The dracketed ters ir {2) is the antenna paiter: for the recelived
electric fileld. The expression in (1) gives the complen asplitude of »
teceived sizZnai due tc A soutce At range r, renith angle @, aczimuth ¢,
transmitting citcularly polar{zed rediation in the directiod of the

Attt enna,

A 2:0..87 expression can be derived for signais refiected into the
antenns {som a perfect.v refleciing mifror. VWe peed to account for the
exira delay and the change in direction due to reflection. Here agaln
there it an asplitude factor (the same one that is ir (]1)) vhich 1s set

L0 unitly:

A v -G IO RGP s (R IR1§D) erp K 1 (72225,

where | B) it a4 vector ditec.ed¢ fros the antenna phase center?
perpendicuiar to the piane nf tne reflector and having a length equal to
the ciosest distance of the reflector piane to the anteana. Fg is the
reflection operator, ar identity transformation that projects otjecis

and evervthing eise intc “mirror space”:

R s 1 -2ladca)

- . . -
The T-22 factor in the compiex exponeniiai accounts for the excess

propagation delav. We need tc concern ourselvest only with

6




sultipath froc reflectors placec less thar a code chip avay in
ight-tioe, because the cross-corre.atior. properties of the pseudorandoc
cocdes automatica.iy rerec: esuliipath from ouiside a chip delay. In ocs:
cases, it flact, we need o worry about delavs of onlv a small fraction
of a chip because the pouer altentuation on the skirts of the
autocorrelazion function of the code s relat:vely high. Also, Equaiic:
(3) neglects ¢relectric i08ses of nonideal refiectors, but considers

insteacd onlv periect refleczion.

The :otal receivec signal 1s the sum of Equations (1) and {3): Agor
® A+ Ag. For the general case of a randoniv criented and shaped
tefleczing suTface it Ba¥ bDe BOTe convenien: ¢ TesoOr: ¢ compultatiosal
Techntques 0 S.OPlify Agor iNto Sagniiude an¢ phase. Tvo special
cases are of jnteresl: horizontal and vertica. reflecting planes.
Cenecally the horizontal case occurs because of the ground, vhich is
DostlY NOTLSORIAL ANC SO NeATlY $:2il1aT At the two bdaseline ends that
the effects snould approximately cance. i the formation of the
observadle; thus the horizontal reflector case is fairly benign it oos?
iastances., The case of vertica. reflectors is often more ipteresting
ade less deaigrn because the vertical reflectors are pot necessarily
present at both satennas. In this case, for & reflector in the plane at

istance ¢ and azimu:ih . the reflector orientatior vector is

~m cop A 1

I‘N.\)' ) ’M’

o




and subszitution into Ayoe gives (after much simpiification):

Ay = (oot ep(f2{u-4) - 4 sa0 s -] )]

-sm/3" mﬁ)c%f(J(z"¢ o). oy

The zetm in squate brackets gives the deviation {roz the expected
antenna pattern (cf. Equation (2)). This term can be resolved into

polar fors:

“.'“ 3 i(l-—hn'; o (2(m=-4) - ‘hl’? em6 cos (& "}“Yi*
( tan'§ w20 d) - 427 >nBeor($=u))) ‘S b

5{:] ¢ tan" tan'$ e (2(u-4)- AN S eon (o)
L= tan'$ cos(2(n~6) - B b eon(é-u0)

(5%)

The totel phase angie of the total received sighal it the phase that is
cbeer-ed and ueed in irtetfetometrr. Thir totas phase angle is found by

isalating the srgupents of the compiex exronential:

‘Z!r (“\Q sw\(i(n-ﬁ)-m scqu'—(d’}J)
‘ﬁ“AI s 4-d>4 {
\ - M% o2 $) - ..1*:\.,...9 co;(Q;u))

€ taear That ihe phase erfor is 3ust the expression in (Sh;. This

2
extressicr has dees piotted ia Figure I fct e=23C° anc o=60°, o=t. and
PR . L =-907, with ¢ varring from (° tce 180°. The behavior ¢f the phase

error is osciiiztory for sz.imuths wei, awav froo opposition (sateliite,
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cef{echion
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Figure 4. Antenna and reflector (vertical plane mirror) geometry. See
text for discussion.
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- CIRCLED NUMBERS ARE GPS NAVSTAR SATELLITE DESIGNATORS by PRN cade nomber
- SATELLITE TRACKS ARE DARKENED TO INDICATE SIMULTANEOUS
VISIBILITY ABOVE 20° ELEVATION

Figure 5. Field of view of vertical mirror on polar plot of satellite
positions during an observation session. Analysis is for
o asb=0.5 m=h=l,
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-~ CIRCLED NUMBERS ARE GPS NAVSTAR SATELLITE DESIGNATORS h, PN cade nowber
~ SATELLITE TRACKS ARE DARKENED TO INDICATE SIMULTANEOUS
VISIBILITY ABOVE 20° ELEVATION

Figure 6. Field of view of multipath experiment with vertical mirror
placed at y = 135°, withwm = }.5, h = 4, a =b = 2,
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Figura 7. Predicted phase error due 0 satellites 4 and 2 for wmultipaih
experiment.
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